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Abstract
This study systematically investigates the structural, microstructural, electrical, and magnetic properties of YBa3Cu5Cu8Oδ
(Y-358) superconducting ceramics with partial substitution of trivalent terbium (Tb³⁺) at Y³⁺ sites and divalent zinc (Zn²⁺) at
Cu²⁺ sites. The compositions Y3-x(Tb)xBa5Cu8O18-δ and Y3Ba5Cu8-x(Zn)xO18-δ (0.0 ≤ x ≤ 0.15) are synthesized via the sol–gel
synthesis route and investigated using X-ray diffraction (XRD), scanning electron microscopy (SEM), electron dispersive
X-ray (EDX), temperature-dependent resistivity (ρ–T), and vibrating sample magnetometer (VSM) measurements, along
with theoretical modeling. It is determined that all synthesized ceramic samples exhibit high current-carrying capacity and
superior superconducting performance, supported by efficient charge transport, excellent crystalline quality, and uniform
composition, all of which were achieved through the sol–gel method, an effective and reliable approach for producing
advanced high-performance ceramics. XRD analyses reveal that both dopants influence phase purity, crystallinity, lattice
parameters, and oxygen ordering degree, with Tb impurity substitution inducing more pronounced impurity phase formation
and lattice distortions. SEM and quantitative histogram analyses demonstrate that Tb enhances grain boundary disorder,
grain misorientation, porosity, and microstructural problems, while Zn promotes more uniform grain growth, especially at
moderate substitution levels. EDX analyses confirmed the successful substitution of Y by Tb and Cu by Zn within the Y-358
ceramic lattice, evidencing effective dopant incorporation that correlates with improved/degraded microstructural uniformity
and superconducting current pathways. ρ-T experimental results show that both Tb and Zn reduce the superconducting
transition temperatures (Tc) and broaden the transition width (ΔTc), indicating increased structural disorder, perturbations of
the pseudogap state, and reduced charge carrier concentration, and electronic density of states in Cu-O2 planes. Notably, Tb
doping causes a steeper decline in Tc parameters and mobile hole carrier concentration (p), attributed to its larger ionic radius
and stronger lattice strain effects. Magnetic hysteresis (M–H) measurements and critical current density calculations confirm
a deterioration in flux pinning capacity and superconducting performance with increased doping, particularly in the Tb-
substituted Y-358 ceramics. The normalized pinning force analyses further reveal that the dominant flux pinning mechanism
shifts from normal point pinning to Δκ-type with increasing impurity levels. Accordingly, the results demonstrate that
although both dopants disrupt the Y-358 superconducting phase, Tb3+ impurity has a more detrimental impact on phase
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stability, flux pinning, and superconducting properties due to its greater tendency to induce structural disorder. These
findings underscore the critical role of dopant type and concentration in tailoring the functional properties of high-Tc

Y-based superconductors for potential applications in high-temperature superconducting systems, energy devices, and
magnet-based technologies.

Graphical Abstract
Comprehensive Analysis of Structural, Electrical, and Magnetic Properties in Tb3+- and Zn2+-Substituted Y-358
Superconducting Ceramics
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Highlights
● Tb3+ and Zn2+ doping trigger distinct structural and superconducting responses in Y-358.
● Tb3+ ions cause severe lattice disruption, degrading superconducting phase integrity.
● Zn2+ enhances grain refinement and stability, preserving superconductivity at low levels.
● Doping alters flux pinning from point-type to Δκ-type, weakening vortex trapping.
● Superconducting performance is highly sensitive to dopant identity and concentration.

1 Introduction

Since the advent of high-temperature superconductors
(HTSCs), YBCO compounds have been at the forefront due
to their high Tc, robust grain connectivity, and technolo-
gical relevance. The parent phase Y-123, with two Cu-O2

planes and one CuO chain in an orthorhombic structure,
exhibits Tc ≈ 90–94 K, while further exploration yielded
more complex phases such as Y-124, Y-247, and the
recently identified Y-358 [1–6]. Structurally, Y-358 con-
tains five Cu-O2 planes and three CuO chains per formula
unit, separated by BaO layers, which extend the c-axis
lattice parameter to ~31 Å and create a richer network of
conduction planes and charge reservoirs. This unique
stacking is associated with enhanced anisotropy and
potentially higher carrier mobility. However, the synthesis
of pure Y-358 is challenging due to intrinsic structural
instability and strong intergrowth with Y-123, Y-124, and

secondary phases. Its sensitivity to synthesis conditions
makes phase purity difficult to achieve, yet critical, as it
directly dictates the superconducting performance of this
complex YBCO phase [2, 6–17].

In this study, the substitution mechanism in Y-358 is
examined independently of dopant valence, with emphasis
placed on its structural and superconducting implications.
The central aim is to elucidate how homovalent substitu-
tions, such as Tb3+ for Y3+or Zn2+ for Cu2+ affect crys-
talline quality, lattice distortions, grain boundary
characteristics, magnetic behavior, and superconducting
phase stability. By introducing ions of identical valence but
different radii, the work investigates how local lattice dis-
tortions and electronic modifications influence super-
conducting pathways, pinning mechanisms, and oxygen
stoichiometry. Tb3+ incorporation at the Y-site is expected
to generate distortions that impact both superconducting
and mechanical responses, while Zn2+ substitution at the
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Cu-site may alter the electronic structure and disrupt Cu-O2

plane coherence [18, 19]. These modifications are antici-
pated to regulate critical parameters such as critical tem-
peratures, interlayer coupling, and defect tolerance in the
metastable Y-358 phase relative to Y-123 superconducting
phase. Ultimately, this study bridges fundamental and
applied perspectives by clarifying the microstructural and
electronic consequences of homovalent doping and identi-
fying optimization strategies to enhance the super-
conducting and magnetic field resistance of Y-358
ceramics, synthesized via the sol-gel (SG) preparation
method for future applications. Our motivation for
employing the SG method in the synthesis of Y-358 cera-
mic superconductors arises from its well-established ability
to produce high-purity, homogeneous, and stoichiome-
trically controlled materials at relatively low processing
temperatures. Unlike conventional high-temperature solid-
state or vacuum-based techniques (such as PIT, CVD, spray
pyrolysis), the SG approach offers reduced energy con-
sumption, simplified equipment requirements, and
improved compositional uniformity, making it both cost-
effective and environmentally favorable [20–23].

The SG route relies on the hydrolysis and poly-
condensation of metal alkoxides or salts, which enables
uniform distribution of metal cations at the molecular scale.
In practice, the process involves dissolving stoichiometric
ratios of Y-, Ba-, and Cu-based nitrates or acetates in a
chelating solution (commonly citric acid or ethylene gly-
col), followed by controlled gelation, drying, and calcina-
tion, forming a polymerized gel network upon heating at
~80–90 °C. Subsequent heat treatment at ~850–900 °C
promotes crystallization and phase formation, while final
sintering at 920–950 °C yields dense ceramic pellets with
well-aligned grains with fine grain connectivity and con-
trolled particle sizes ( ~ 200–400 nm after calcination). This
molecular-level mixing method not only accelerates phase
formation compared to conventional methods but also
produces uniform ion distribution and facilitating enhanced
reactivity during thermal treatment.

Additionally, the SG method permits straightforward
incorporation of dopants and secondary phases, enabling
systematic tuning of microstructure, flux pinning, and
mechanical reinforcement. These advantages make SG
synthesis a versatile and scalable pathway for optimizing
the crystallinity, phase purity, and superconducting perfor-
mance (Tc, Jc, and flux pinning capability) of Y-358 cera-
mics, thereby advancing their suitability for both
fundamental investigations and applied superconducting
technologies. The experimental results offer new scientific
insights into the interplay between dopant type, micro-
structural evolution, and the functional properties of com-
plex superconductors, consequently contributing to the
rational design of advanced high-temperature

superconducting materials with optimized performance for
future technological applications.

Earlier studies on Y-358 have mainly addressed struc-
tural characterization and phase stability, reporting diffi-
culties in synthesizing stoichiometrically pure single-phase
samples due to the intrinsic instability of the compound and
the strong tendency toward intergrowth with Y-123, Y-124,
or secondary phases. In particular, doping strategies invol-
ving rare-earth substitutions (e.g., Tb/Y) and cationic
replacements (e.g., Zn/Cu) have been explored to tune
phase stability and mechanical behavior. For example, our
prior work demonstrated that such substitutions influence
microstructural uniformity and Vickers hardness, with the
indentation-induced cracking (IIC) model providing the
most accurate description of the elastic–plastic transition
[18]. Similarly, investigations into Y-123 ceramics have
largely focused on fluctuation-induced conductivity and
particle distribution, clarifying how dopants affect carrier
transport and superconducting performance [19].

However, a comprehensive structure–property correla-
tion study for Y-358 superconducting ceramics, integrating
crystallographic quality, microstructural features, charge
carrier dynamics, and magnetic performance, remains lar-
gely unexplored. Most existing works are limited to either
structural–mechanical aspects or isolated superconducting
measurements, without systematically linking crystal-
lography, microstructure, and transport behavior to super-
conducting and magnetic responses.

The present work addresses this gap by systematically
investigating the electrical, superconducting, crystal-
lographic, and microstructural properties of Y-358 super-
conducting ceramic structures. Special emphasis is placed
on correlating charge carrier concentrations, critical current
density, flux pinning mechanisms, and magnetic behavior
(M–H loops, hysteresis, coercivity, and remanent magneti-
zation) with crystal quality and microstructural features,
including detailed histogram analyses and particle size
distributions. This integrated approach provides new
insights into the fundamental dynamics of the Y-358 phase
and establishes design principles for optimizing its stability
and performance in advanced superconducting applications.

2 Materials and methods

2.1 Ceramic preparation technique

In the current work, partial substitution of Tb3+ with Y-site
and Zn2+ with Cu-sites in four molar percentages (x= 0.01,
0.05, 0.10, 0.15) is performed to obtain one of the super-
conducting phases of the YBCO family
(Y358 superconducting phase). The substitution process
was implemented using the chemical formulations Y3-x(Tb)
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xBa2Cu3O18-δ and Y3Ba5Cu8-x(Zn)xO18-δ. In this context,
(Y(CH3CO2)3), barium acetate (Ba(CH3CO2)2), copper(II)
acetate (Cu(CH3CO2)2), and nanopowder forms of Tb and
Zn are employed as precursor materials. The sol–gel
synthesis route is used to determine and control the che-
mical composition of all samples. Anhydrous methanol
(CH3OH) served as the diluent, while glacial acetic acid
(CH3COOH) was utilized as the primary solvent. Trietha-
nolamine (tri(2-hydroxyethyl)amine) is added as a com-
plexing agent and pH regulator to achieve a stable and
homogeneous wet solution. Following the initial pre-
treatment steps, the samples are converted into powder
form and subsequently subjected to a calcination process at
850 °C for three cycles, each lasting 24 h, to promote the
formation of nanocrystallites. The calcined powders are
then sintered at 930 °C for 24 h with a controlled heating
rate of 5 °C/min. Post-sintering, the samples are annealed in
an oxygen atmosphere at 500 °C for 5 h and then allowed to
cool gradually to room temperature in preparation for sub-
sequent measurements. The final powders are uniaxially
pressed in air at room temperature into rectangular bar-
shaped pellets with dimensions of approximately
1.5 × 0.5 × 0.2 cm3, in order to minimize porosity and
improve intergranular contact. A schematic representation
of the detailed preparation method and characterization
techniques employed for Y-358 ceramic structures is pro-
vided in Fig. 1. The Tb-substituted Y-358 ceramic

structures are labeled based on the Tb impurity substitution
ratios (x= 0.0, 0.01, 0.05, 0.10, 0.15) as Y0, YT1, YT5,
YT10, and YT15, respectively. Similarly, the Zn-replaced
Y-358 ceramic samples are designated as Y0, YZ1, YZ5,
YZ10, and YZ15, considering to their respective Zn doping
levels.

2.2 Characterization methods and calculations

The XRD diffraction peaks provide critical information for
calculating several fundamental structural parameters,
including crystalline quality, grain orientation and align-
ment distributions, average crystallite size, superconducting
phase purity, lattice cell parameters, and the coupling
strength between adjacent conductive Cu-O2 planes. The
XRD patterns of the bulk ceramic samples (Fig. 1) are
obtained on a Bruker D8 Advance model X-ray dif-
fractometer at a scan rate of 3°/min between 2θ= 3-90°
using CuKα (λ= 1.541 Å) rays. The distance between the
diffraction planes is calculated using Bragg’s formula.
Additionally, the XRD diffractograms, particularly the peak
broadening features, are employed to evaluate the influence
of substitution mechanism on the average crystallite size of
bulk Y-358 superconducting materials. This is carried out
using the Scherrer–Warren equation of
t ¼ 0:941λ=B cos θB, based on the full width at half max-
imum (FWHM) values of the five most intense

Fig. 1 A schematic representation of the detailed preparation method and characterization techniques employed for Y-358 ceramic structures is
provided in Fig. 1
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characteristic diffraction peaks [24, 25]. In the relation, t
represents the average crystallite size, λ is the wavelength of
the incident X-rays, θB is the Bragg angle corresponding to
the diffraction peak, and B denotes the FWHM of the peak
(in radians). For the calculation of lattice parameters, the
bulk ceramic compounds crystallize in an orthorhombic unit
cell structure with the Pmmm space group. The lattice con-
stants (a, b, and c) are determined using the least-squares
refinement method based on the following relation of
1
d2
¼ ðh2a2 þ k2

b2
þ l2

c2Þ, where d values and hkl planes show the
lattice spacing and diffraction planes. Besides, the variation
(based on the lattice cell constants determined within the
accuracy of about ±0.01 Å) of the oxygen concentration in
the Cu-O chains and Cu-O layers in the crystal system as a
function of the Tb or Zn substitution level allows us to
discuss the phase transition from orthorhombic to tetragonal
(O-T transition) crystal structure. The orthorhombicity
coefficient or orthorhombic distortion in the covalently
bonded Cu–O chains is also calculated using Eq. 1 with the
help of lattice parameters a and b.

δo ¼ 100 a� bð Þ
aþ bð Þ ð1Þ

The degree of orthorhombic distortion (δO) and the
oxygen deficiency index (δ) are distinct yet interrelated
quantities that describe different physical aspects of the
crystal structure. The orthorhombic distortion represents a
geometric measure of lattice anisotropy within the ab-plane
arising from oxygen ordering in the Cu-O chains, whereas
the oxygen deficiency index (δ) in of YBa3Cu5Cu8O18-δ
denotes the deviation from full oxygen stoichiometry and
determines the overall oxygen content and carrier con-
centration. Although δO qualitatively follows the oxygena-
tion level, the two parameters are not quantitatively
equivalent—their relationship is inverse: as δ decreases
toward zero (fully oxygenated, O(1) sites filled and O(5)
sites vacant), δO attains its maximum, corresponding to a
well-defined orthorhombic structure; conversely, when δ
increases (oxygen-deficient state), δₒ approaches zero,
marking the transition to the tetragonal phase.

Additionally, Field Emission Scanning Electron Micro-
scopy (FE-SEM) was performed using an FEI QUANTA
FEQ 250 instrument at 10000× magnification under an
accelerating voltage of 10 kV to examine the surface mor-
phology and microstructural evolution of Y3-x(Tb)xBa5-
Cu8O18-δ and Y3Ba5Cu8-x(Zn)xO18-δ superconducting
ceramics. The SEM micrographs provide detailed insights
into the changes in surface texture, grain size and orienta-
tion, crystallinity quality, porosity, intergranular con-
nectivity, and the presence of microvoids or internal defects
induced by Tb/Y and Zn/Cu partial substitution mechanism.
Notably, variations in particle growth and boundary cou-
pling were analyzed to correlate dopant incorporation with

microstructural coherence and densification behavior.
Complementary Energy-Dispersive X-ray Spectroscopy
(EDS) analyses were conducted on selected microregions to
assess the homogeneity of elemental distribution and con-
firm the absence of foreign inclusions. The analysis con-
firms the effective incorporation of Tb3+ and Zn2+ ions into
the Y358 crystal lattice at Y3+ and Cu2+ sites, respectively,
without observable phase segregation or elemental cluster-
ing. The gradual variation in elemental intensities with
increasing dopant concentration further supports homo-
geneous dopant diffusion and charge-compensated sub-
stitution. Combined with SEM micrographs and structural
refinements, the EDX findings provide compelling evidence
of successful lattice substitution and compositional uni-
formity, correlating well with the observed improvements in
microstructural connectivity, phase purity, and super-
conducting performance of the modified Y358 ceramics.

At the same time, DC electrical resistivity measurements
are made by a Janis CCS-450 cryostat in the temperature
range of 10–300 K using the four-probe technique under a
direct current of 5 mA. The contacts are made by highly
conductive silver paint to prevent additional resistance. The
experimental curves are used to determine the numerical
values of offset/onset transition temperatures (Toffset

c and
Tonset
c ), and degree of broadening (ΔTc ¼ Tonset

c � Toffset
c )

parameters. The relationship between the substitution
mechanism and metallic behavior is also established. At the
same time, it is well established that determining the mobile
hole carrier concentration p in the Cu-O2 planes, which are
primarily responsible for superconductivity in YBCO
compounds, is essential for elucidating the variations in
superconducting properties induced by cation substitution.
Previous studies [26–32] have demonstrated that, for many
HTSC systems, temperature-dependent thermoelectric
power exhibits a strong correlation with the normalized
transition ratio (Tc/Tc

max). This correlation provides a reli-
able approach for estimating p [26–32] and thereby offers
valuable insight into the doping dependence of super-
conducting behavior. In the present study, the hole con-
centration is determined using the empirical Tc/Tc

max

relationship, which provides a semi-quantitative estimation
of carrier density in the Cu-O2 planes [26]. This approach is
widely adopted in the analysis of HTSC systems, as it
directly links the superconducting transition temperature to
the effective doping level.

p ¼ 0; 16� 1�
Toffset
c
Tmax
c

82; 6

0
@

1
A

2
4

3
5
1=2

ð2Þ

Additionally, magnetization measurements are made
using a Lakeshore 7400-S model VSM. All measurements
are performed at a temperature of 20 K with an external
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magnetic field of ±2 T. The M-H magnetic hysteresis
(M–H) loops are used for calculating coercivity, remanent
magnetization, and critical current density (maximum cur-
rent that can pass in the superconducting phase) values
within the grains using Bean’s critical state model in Eq. 3.
[33].

Jc Hð Þ ¼ 20
ΔM

a 1� c
3a

� � ð3Þ

In the equation, Jc displays the critical current density per
cm when ΔM=M+−M- presents the magnetization dif-
ference determined from the magnetization hysteresis loops.
The flux pinning force (Fp) is an important parameter
determining the pinning mechanism of fluxoids in the
crystal system. For extended analysis of pinning type, three
theoretical models relying on (i) the geometry of defects
(point, linear, planar, or surface), (ii) the type of interaction
(core or magnetic), and (iii) the type of pinning centers
(normal or superconductor) were used. The pinning force
values of the samples were interpreted by comparing them
with the three theoretical models given in Eqs. 4–6 [34].

Δκpinning : fp bð Þ ¼ 3b2 1� 2b=3ð Þ ð4Þ

Normal point pinning ¼ f p bð Þ ¼ 9=4b 1� b=3ð Þ2 ð5Þ

Normal surface pinning ¼ f p bð Þ ¼ 25=16b
1
2 1� b

5

� �2

ð6Þ

where, b=H⁄Hmax, fp (b)=Fp/Fmax. The results derived from
the applied theoretical models enabled detailed interpreta-
tions regarding the presence of secondary impurity phases,
oxygen deficiencies within the crystal lattice, and weakly
bonded grain boundaries in newly synthesized Y-358
superconducting samples.

3 Results and discussion

3.1 XRD results

The effects of partial substitution of trivalent Tb ions at the
Y-sites and, separately, divalent Zn ions at the Cu-sites on
the crystallization behavior, crystallinity quality, phase
volume fractions, average crystallite size, lattice parameters,
orthorhombic-to-tetragonal phase transition, orthorhombi-
city, and oxygen concentration within the covalently bon-
ded Cu-O chains of the Y-358 superconducting phase are
systematically investigated through powder XRD analysis.
The structural modifications are examined by analyzing the
characteristic reflection peaks observed in the XRD dif-
fractograms. The diffraction patterns corresponding to all

superconducting ceramic structures are presented in Fig. 1.
The calculated structural parameters for both Tb- and Zn-
replaced Y-358 superconductors are numerically depicted in
Table 1.

For Tb-doped Y-358 samples, the XRD patterns (Fig. 2a)
show that the substitution of Y3+ (90 pm) ions with larger
Tb3+ (92 pm) ions leads to the formation of some impurity
phases. However, the orthorhombic structure of the Y-358
phase is still maintained, even at the highest doping levels.
These findings indicate that the successful synthesis of
ceramic materials exhibiting the desired crystalline quality
underscores the significance of the SG method as an
effective and reliable technique for the preparation of high-
performance ceramic systems.

With increasing Tb impurity content, the intensity of the
main diffraction peaks is reduced, and additional impurity
peaks become more visible, especially for x ≥ 0.05. These
impurity peaks, marked with asterisks (*) and plus signs
(+), are likely related to BaCuO2 and BaTbO3 phases, and a
peak to the right of the main (018) peak may be attributed to
BaCO3 [35, 36]. It is found that the Y-358 superconducting
phase is more sensitive to Tb impurity substitution and
more prone to impurity formation compared to the more
stable Y-123 phase [18, 19]. Lattice parameter analysis
(Table 1) reveals that the a and b parameters show almost
no significant change with increasing Tb concentration,
while the c parameter initially increases up to 0.05 Tb
impurity content and then decreases at higher concentra-
tions, indicating no clear systematic trend. At lower Tb ion
concentrations (0.01 and 0.05), crystallite size increases
slightly from 28.35 nm to 29.98 nm (for YT1), indicating
an initial promotion of grain growth; however, at higher Tb
concentrations (0.10 and 0.15), crystallite size decreases
towards 25.43 nm for the YT15 ceramic structure, indi-
cating that excessive Tb content adversely affects grain
growth and crystallinity due to the disrupted crystal order
and weakened interatomic interactions. Additionally, the

Table 1 Crystallite size, lattice cell parameters, unit cell volume, and
orthorhombicity coefficient for Tb- and Zn-substituted Y-358 samples

Sample Crystallite size
(nm)

a(Å) b(Å) c(Å) V(Å3) δ

Y0 28.4 ± 0.6 3.894 3.831 31.445 469.103 0.812

YT1 30.0 ± 0.5 3.894 3.820 31.663 470.953 0.961

YT5 26.1 ± 0.5 3.887 3.824 31.688 471.036 0.809

YT10 25.7 ± 0.6 3.887 3.815 31.528 467.531 0.928

YT15 25.4 ± 0.6 3.889 3.820 31.054 461.337 0.900

YZ1 29.9 ± 0.6 3.880 3.822 31.615 468.814 0.749

YZ5 29.0 ± 0.4 3.889 3.824 31.662 470.941 0.840

YZ10 28.1 ± 0.6 3.894 3.827 31.409 468.010 0.872

YZ15 27.9 ± 0.5 3.892 3.829 30.899 460.412 0.812
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main peaks [(108)-(018) and (200)-(020)] shift slightly
toward higher angles as the substitution level increases,
which reveals lattice contraction and increased lattice strain
in the crystal lattice (Fig. 2b, c). The separation of (108)-

(018) and (200)-(020) peaks, together with the higher
intensity of (108) and (200) compared to (018) and (020),
confirms the formation of the orthorhombic
superconducting phase.

Fig. 2 XRD patterns of a) Tb-doped Y-358 samples and expanded
views of b) (108)-(018) peaks and c) (200)-(020) peaks; d) Zn-doped
Y-358 samples and expanded views of e) (108)-(018) peaks and f)

(200)-(020) peaks. Peaks marked with asterisks (*) and plus signs (+)
indicate impurity phases [19]
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For Zn-substituted Y358 ceramic structures (Fig. 2d),
XRD patterns show that Zn2+ (74 pm) ions, expected to
substitute at Cu2+ (73 pm) sites, do not introduce any new
sharp impurity peaks. The orthorhombic structure is well
preserved across all replacement levels. Only a few weak
impurity peaks are visible, mostly at higher Zn contents
(x= 0.10 and 0.15), indicating that Zn ions are better
integrated into the lattice compared to Tb particles. The
calculated lattice parameters in Table 1 for Zn-substituted
ceramic structures indicate negligible variation in a and b
lattice cell parameters, while the c-axis length exhibits no
systematic trend, with a distinct decrease observed only at
the highest Zn concentration (x= 0.15). The crystallite size
increases slightly from 28.35 nm to 29.89 nm up to 5% Zn,
then decreases for higher replacement ratios, which may be
related to the easier incorporation of Zn ions into the
structure up to a certain limit. In this respect, the smallest
crystallite size of 27.91 belongs to the YZ15 sample. The
similar results can be observed for the other RE-358 cera-
mic structures. Namely, the refined lattice parameters
obtained from Rietveld analysis for the Sm-358 and Gd-358
phases are summarized as follows. For Sm-358, the lattice
constants were determined to be a= 3.868(3) Å,
b= 3.889(8) Å, and c= 31.183(1) Å, with an average
crystallite size of 59.3 ± 19.7 nm. In comparison, the Gd-
358 phase exhibited slightly smaller lattice parameters of
a= 3.852(0) Å, b= 3.883(0) Å, and c= 31.120(0) Å,
accompanied by a crystallite size of 60.1 ± 22.3 nm [37].

When comparing all substitution ratios for both Tb and
Zn foreign impurities in Y-358 ceramic superconducting
samples in the current work, it is clear that impurity for-
mation and reduction in diffraction peak intensity are more
pronounced in Tb-replaced samples than in Zn-doped ones.
The main diffraction peaks in Zn-substituted ceramics are
generally sharper and better separated, and the 10% Zn-
doped sample especially shows the highest orthorhombicity
and the best crystallinity. However, at 15% doping for both
Tb and Zn, there is a clear decrease in crystallinity, a
reduction in the separation of the main peaks, and lower
unit cell volumes, all of which indicate higher structural
disorders, grain misorientation, impurity scatterings, por-
osity, and grain boundary problems. In more detail, both Tb
and Zn substitutions are found to modify δO through lattice
strain and oxygen redistribution within the Cu-O chain
network. For Tb-doped ceramics, the introduction of larger
Tb3+ ions (92 pm) in place of Y3+ (90 pm) induces
enhanced lattice distortion, peak broadening, and impurity
formation, while preserving the orthorhombic framework
up to moderate doping levels. Zn2+ substitution, by con-
trast, produces smaller lattice perturbations and maintains
better phase stability. The degree of orthorhombicity
decreases with increasing dopant content in both series,
indicating partial oxygen loss and structural disorder. These

changes are consistent with reduced carrier concentration
and weakened interlayer coupling, which collectively gov-
ern the observed degradation in superconducting transition
temperature and current density. As shown in Table 1, the
YT5 and YZ1 compositions exhibit the lowest δO values of
0.809 and 0.749, respectively, highlighting the significant
impact of the substitution mechanism on the oxygen sub-
lattice and its subsequent influence on superconductivity.

In Zn-doped samples, only one or two small impurity
peaks with low intensity are also observed, usually between
26° and 30°, while Tb-doped samples show more obvious
impurity peaks at these angles, particularly at 10% and 15%
substitution levels. These extra peaks are likely related to
secondary phases such as Y-211, BaCuO2, BaTbO3, and
BaCO3, and sometimes a peak near 36° becomes more
pronounced as the substitution amount increases. This
indicates that the substitution of Tb and Zn foreign impurity
ions becomes more difficult at high levels, leading to the
growth of more impurity phases and possibly even the
formation of the Y-123 superconducting phase as a sec-
ondary phase. This is because the Y-358 superconducting
phase is less stable than other YBCO phases, especially at
high dopant concentrations. It is sometimes hard to distin-
guish Y-358 from other phases like Y-123 and Y-112 just
by examining at the XRD patterns. Consequently, although
both Tb and Zn ions introduce structural distortions and
impurity-related disruptions within the Y-358 super-
conducting phase, the adverse effects induced by Tb ions
are more pronounced. This is primarily attributed to the
larger ionic radius of Tb3+ particles, which leads to greater
lattice strain and instability, whereas Zn²⁺ ions integrate
more compatibly into the crystal lattice, causing compara-
tively less structural perturbation.

3.2 SEM investigations

3.2.1 Surface morphology appearance for Y-358 ceramic
matrices

Figure 3 shows the SEM images of the un-substituted, Tb-
substituted, and Zn-substituted Y-358 bulk ceramic sam-
ples. The microstructure of the Y0 displays a mixture of
rod-like and round grains, with some grape-like clusters
forming along the grain boundaries. The surface is not fully
flat, and there are some porous regions, pointing out that the
crystal formation is not completely homogeneous [19].
However, due to the inherent non-flatness of the sample
surfaces, the pixel intensity values obtained from secondary
electron imaging (SEI) may be influenced by surface
roughness. Such effects can result in apparent distortions or
broadened distributions in high-magnification images, as
increased curvature enhances electron scattering and image
contrast. Nevertheless, the complementary results obtained
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from average particle size analysis and electrical-
superconducting measurements corroborate the SEM
observations, thereby reinforcing the validity of the inter-
pretations presented in this study.

When low levels of Tb are added, the grain size becomes
smaller and the grains are more evenly distributed. The
SEM images show that Tb doping encourages the formation
of smaller grains and increases the number of nucleation
sites, likely due to the larger size of Tb3+ ions compared to
Y3+. As the Tb doping increases to 10%, the grains are
more densely packed, and the boundaries between grains
become less clear. However, at the highest doping, the
grains turn irregular and less uniform. There is also more
porosity, and the grains start to form clusters. This shows
that too much Tb forms defects, which can negatively affect
the microstructure. Thus, while moderate Tb doping can
help to refine grains and improve properties, excessive Tb
can cause larger intergranular stress accumulations, melt
particle coalescence, bond weakening, microstructural
flaws/disorders, and porosity based on the lattice instability
and reduced crystallization temperature. The degradations
in the microstructural quality, uniform particle growth, and
interlayer connections correlate with the experimentally
observed declines in crystallographic integrity, crystal
quality, surface morphology appearance, structural stability,
and magnetization performance quantities of Y-358 ceramic
structures.

The Zn-substituted samples show different trends.
According to Fig. 3, in the bulk YZ1 ceramic compound,
the particles are smaller than in the undoped sample, and
there is more porosity. When Zn is increased to 5%, the
grains look more irregular and less connected, and there are
more pores and microcracks. At YZ10 ceramic structure,
the grains actually appear a bit larger and more regular
again, and the latter sample possesses fewer pores and
cracks compared to the YZ5 sample. As for YZ15 sample,
the structure is breaking down again, supported by average
particle size analysis. This change may be because Zn
reaches its solubility limit in the structure, which can act as
a flux to help grain growth. This is also supported by a
previous publication [19]. Furthermore, the presence of
different ions in the crystal system exhibits various effects
on surface morphology of the YBCO ceramic structures.
For example, in the literature, the RE-358 superconductors
exhibit homogeneously distributed micrometric grains with
compact, low-porosity surfaces and well-defined bound-
aries, indicating limited intergranular diffusion, particularly
in the Gd-358 phase [37]. In contrast, the Sm-358 phase
shows finer grains that agglomerate locally, inducing slight
lattice disorder that enhances vortex pinning and transport
performance. No impurity phases were detected, confirming
phase purity, while sintering promoted strong grain adhe-
sion and fine-grained densification [9, 37, 38]. The similar

granular morphology is observed for the Eu, Dy, and Ho
substituted YBCO ceramic superconductor systems
[10, 39, 40].

In the current work, comparing all SEM results shows
that both Tb and Zn substitutions affect the surface mor-
phology appearance, microstructural quality, uniform par-
ticle growth, interlayer connections, and porosity of Y-358
superconductors, but in different ways. Increasing Tb ion
contents cause the grain structure to become more dis-
ordered and porous, with wider, more irregular grain
boundaries and the appearance of cluster-like accumula-
tions. At high levels of Tb, the structure becomes especially
porous and less uniform. For Zn doping, the grain bound-
aries also become more irregular, and the porosity increases
at low and moderate Zn levels, but at the 10% Zn con-
centration, grain uniformity improves and porosity decrea-
ses somewhat. At the highest Zn substitution level, a
noticeable reduction in particle size, consistent with the
supporting evidence from other characterization results. All
the findings and interpretations reveal that although both
dopants introduce microstructural disruptions, terbium ions
exhibit a greater tendency to enhance porosity and structural
disorder, whereas zinc particles, particularly at 10% Zn
concentration, can contribute to grain growth and improved
microstructural connectivity. This is clearly demonstrated
by evaluating the average particle size of the un-substituted,
Tb-substituted, and Zn-substituted Y-358 bulk ceramic
samples.

3.2.2 Detailed histogram analyses of ceramic structures

Histograms serve as valuable tools for quantitatively eval-
uating differences in porosity, surface morphology, surface
texture, and grain connectivity by representing the fre-
quency distribution of pixel intensity values (frequency
distribution of grain sizes estimated from SEM micro-
graphs) across a grayscale image. The x-axis of a histogram
corresponds to pixel brightness levels, ranging from 0 (pure
black) to 255 (pure white), while the y-axis denotes the
number of pixels at each intensity level. In the context of
this study, Fig. 4a–i include both SEM micrographs and
their corresponding histograms for Tb/Y and Zn/Cu sub-
stituted Y-358 ceramic superconductors. Furthermore, the
slight variations observed in the histogram analyses
between the Tb- and Zn-doped samples may be attributed to
the distinct ionic radii and substitutional preferences of
these dopants at the Y and Cu lattice sites, respectively.
Scientifically sound and formal interpretation of histogram
data according to surface morphology is as follows. The
corresponding histograms display that the undoped Tb-free
sample displays a relatively narrow and symmetric dis-
tribution, and a right-skewed intensity distribution with a
dominant presence of mid-to-high pixel brightness values.
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Fig. 4 Histograms for a) Tb-substituted and b) Zn-substituted Y-358 ceramic compounds
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This distribution reflects a moderately dense, uniform, and
compact microstructure (with balanced proportions of
bright and dark regions), consistent with the presence of
rod-like and round grains and a partially porous but con-
tinuous grain network. With the progressive incorporation
of Tb ions (from YT1 to YT15) in the Y-358 ceramic
matrices, the histogram profile undergoes a gradual shift
toward lower intensity values, broadening in distribution,
and an increase in standard deviation. Namely, increasing
Tb substitution (especially for YT10 and YT15) tends to
degrade the microstructural homogeneity, leading to more
porous and disordered surfaces, as evidenced by broader
and gradually left-skewed toward lower intensity in the
histogram curves. In more detail, the variations observed in
the histogram profiles can be attributed to several micro-
structural phenomena induced by the doping level. In par-
ticular, the increased prevalence of darker pixel regions
corresponds to higher porosity levels and a greater density
of microcracks within the ceramic matrix. This shift in
brightness distribution is primarily associated with deterio-
rated grain connectivity and enhanced surface irregularities,
which exhibit limited lattice compatibility and hinder uni-
form grain development. Additionally, the emergence of
larger voids and phase-separated domains further con-
tributes to diminished surface brightness, reflecting a
decline in the fundamental characteristic properties. These
features collectively manifest as broader and more left-
skewed histograms, indicating increased heterogeneity and
degradation in the microstructural quality.

Moreover, the Zn/Cu substituted samples show a distinct
trend compared to the Tb superconducting series. Zn sub-
stitution demonstrates a dual effect. Namely, while moder-
ate Zn levels seem to support grain growth and reduce
microvoids, excessive substitution begins to reverse these
benefits due to possible lattice distortion. In more detail,
similar to the pure superconducting sample in the series, the
YZ1 sample retains a moderate and symmetric histogram,
indicating a comparatively smooth and homogeneous sur-
face. Minute Zn impurity levels (YZ1 and especially
YZ5 sample), the histograms are slightly broadened with a
mild shift toward darker intensities, indicating enhanced
porosity, smaller grain sizes, and microcrack formation.
Besides, there appears a progressive narrowing of the
grayscale distribution with a mild skew toward higher
intensity values, particularly evident in the YZ10 sample,
confirming improved surface brightness and a potential
reduction in porosity. This trend corresponds to the
observed microstructural features, where higher Zn content
promotes grain coarsening and the development of more
well-defined, larger grains, as reflected by the sharper and
more pronounced histogram peaks. The features mentioned
imply enhanced grain connectivity and reduced surface
roughness in localized regions. Nevertheless, the

YZ15 sample still exhibits a degree of histogram broad-
ening, slight re-sharpening, and an increase in higher-
intensity pixel frequencies, indicative of residual micro-
structural heterogeneities. This persistent distribution width
indicates that excessive Zn/Cu partial substitution likely
surpasses the solubility limit of the host lattice, resulting in
lattice destabilization. These microstructural disruptions
compromise basic uniformity and structural coherence,
despite the localized grain refinement observed at moderate
doping levels. This interpretation is corroborated by SEM
investigations, which reveal weakened grain connectivity,
increased porosity, and the emergence of voids, all indica-
tive of compromised microstructural integrity at higher Zn
concentrations.

In summary, the histogram analyses align well with
SEM-based microstructural assessments, confirming that Tb
doping enhances porosity and disorder with increasing
concentration, while Zn doping initially disrupts grain
structure but later facilitates recrystallization and densifi-
cation at relatively higher levels. The digital image analyses
serve as effective, non-destructive tools to quantitatively
assess the impact of different dopants on surface morphol-
ogy, grain connectivity, and fundamental structural homo-
geneity in Y-358 superconducting ceramics.

3.2.3 Average particle sizes in Tb/Y and Zn/Cu-substituted
Y-358 ceramics

The influence of substitution on the average particle size
(APS) of Y-358 ceramics was investigated through SEM
imaging, with quantitative analysis performed using the
ImageJ software program. The analysis reveals that incor-
porating impurity ions significantly alters the APS values,
which are measured from particles forming within char-
acteristic rod-like and round grains, and grape-like cluster
morphologies, as illustrated in Fig. 3. The corresponding
APS results for all samples, is presented in left and right
sides of Fig. 3. According to the APS values, while the
average particle size is highest in the dopant-free sample
(Y0), it shows a linear decreasing trend as the Tb content
increases (Left side of Fig. 3). The decrement reduction can
be attributed to the limited compatibility of Tb ions with the
Y site in the crystal lattice. At higher substitution levels, Tb
tends to increase the number of nucleation centers, thereby
promoting the formation of a larger quantity of smaller
grains. A similar trend of particle size reduction is observed
with Zn substitution; however, this decrease occurs more
consistently and is accompanied by a steady decline in
standard deviation (SD) values. This behavior displays that
Zn doping promotes a more controlled grain refinement
process and leads to a more homogeneous particle dis-
tribution across the microstructure (Right side of Fig. 3).
Accordingly, the average particle size exhibits a clear
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decreasing trend in the following order:
YO > YT1 > YZ1 > YT5 > YZ5 > YT10 > YZ10 > YT15 >
YZ15, as provided in left and right sides of Fig. 3. This
progression indicates that both Tb and Zn substitutions
effectively reduce the particle size, with Zn-doped samples
generally showing finer grain structures at comparable
doping levels. As for the standard deviation values, the
lower parameters obtained for all the samples (particularly
in Zn-substituted samples) confirm higher measurement
reliability and improved surface uniformity. In more detail,
although the standard deviation values remain relatively
stable across the substitution range, slight fluctuations may
indicate increasing microstructural irregularities. These
variations verify that excess Tb incorporation leads to
blurred grain boundaries and reduced surface homogeneity,
which reflect a gradual degradation in structural order. The
findings are supported by the XRD findings and SEM
images. Moreover, the enhanced consistency in Zn-
containing samples points to a more homogeneous micro-
structural distribution, reinforcing the notion that Zn
incorporation contributes to more uniform grain refinement
and better-controlled crystal growth across the ceramic
matrix.

Numerically, the APS and corresponding SD values for
Tb- and Zn-substituted Y-358 ceramics are quantitatively
assessed to evaluate the uniformity of particle distribution.
For the Tb-substituted series, the APS values gradually
decrease from 12.01 μm (Y0) to 5.38 μm (YT15), while the
SD parameters remain relatively consistent, ranging
between 1.14–1.43 μm (as seen in Fig. 5). In contrast, Zn-
substituted samples show a similar decreasing trend in APS
values, from 12.01 μm (Y0) to 3.95 μm (YZ15), accom-
panied by a notable reduction in SD from 1.39 μm to
0.69 μm. Correspondingly, among all samples, YZ15
exhibits the smallest APS and the lowest variance, which
may indicate a well-oriented, smoother, and denser surface

morphology. These characteristics imply improved micro-
structural uniformity and more compact grain packing at
higher Zn concentrations.

We also determine the ratio of APS to SD, which is a
powerful indicator of measurement reliability and is very
meaningful in both materials science and broader scientific
analysis. This is directly related to statistical confidence and
signal-to-noise in data analysis. A higher ratio supports
stronger conclusions about trends, effects of doping, or
structural differences. On this basis, the ratio declines from
8.65 (Y0) to 4.73 (YT15), indicating a loss of uniform grain
distribution at higher Tb levels. Besides, the APS/SD ratio
for Zn-doped ceramics improves from 8.65 (Y0) to 5.75
(YZ15), indicating enhanced particle size homogeneity,
especially at higher Zn concentrations. These results high-
light that while both dopants reduce particle size, Zn sub-
stitution contributes more effectively to microstructural
uniformity than Tb, particularly at elevated doping levels.

To sum up, the surface morphology appearance and
related sections indicate that while both Tb and Zn doping
affect grain morphology and connectivity between the
superconducting stacked layers, Zn appears to exert a more
stabilizing influence on microstructure, particularly at
higher substitution levels, likely due to its solubility and
role in promoting phase homogeneity. In contrast, Tb
induces higher porosity and surface roughness beyond a
critical concentration, limiting its microstructural benefits.
These findings collectively demonstrate that dopant type
and concentration play pivotal roles in tailoring the grain
structure, phase distribution, structural stability, and crys-
tallographic integrity of Y-358 ceramics.

3.3 EDX investigations

Energy-dispersive X-ray (EDX) spectroscopy was
employed to quantitatively evaluate the compositional
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evolution of Y3-x(Tb)xBa5Cu8O18-δ and Y3Ba5Cu8-x(Zn)

xO18-δ ceramics. The obtained distribution profiles of Y, Ba,
Cu, O, Tb, and Zn are presented in Fig. 5. The analysis
confirms that both Tb and Zn ions are successfully incor-
porated into the Y358 crystal matrix, substituting at Y and
Cu lattice sites, respectively. The elemental concentrations
determined from EDX are also summarized in Table 2.

As shown in Fig. 5a, gradual substitution of Tb3+ for
Y3+ induces measurable compositional changes within the
Y358 phase. Ba and Cu concentrations increase progres-
sively with Tb incorporation, whereas Y content decreases
proportionally, confirming the charge-compensated sub-
stitution mechanism. The oxygen content displays minor
fluctuations, reflecting local lattice adjustments induced by
Tb substitution. The monotonic rise in Tb signal intensity
with increasing x further verifies effective dopant diffusion
and uniform distribution across the ceramic grains.

A similar compositional trend was observed for the Zn-
doped series (Fig. 5b). With increasing Zn concentration,
the Cu content tends to decrease correspondingly, consistent
with Zn2+ ions preferentially substituting Cu2+ sites in the
Y358 crystal lattice. Ba (initially increase) and Y (initially
decrease) levels remain relatively stable, indicating that the
substitution process is localized within the Cu-O network.
Oxygen content shows slight variation at low Zn levels but
remains nearly constant at higher dopant concentrations,
implying minimal impact on oxygen stoichiometry.

Consequently, EDX data reveal that both Tb and Zn
dopants are incorporated in increasing amounts within the
ceramic matrix and are distributed homogeneously, con-
firming the successful formation of solid solutions without
detectable secondary phase separation. The compositional
changes measured directly affect the electronic balance and
microstructural evolution of the Y358 ceramic system, as

observed in subsequent structural and superconducting
characterizations.

3.4 DC electrical experiments

3.4.1 Superconducting parameters

Electrical resistivities as a function of environment tem-
peratures provide critical insight into the superconducting
transition and the crystal structure quality in newly syn-
thesized Y-358 superconducting samples. The experimental
measurements are especially sensitive to changes brought
about by dopant type and partial substitution concentrations.
Doping can trigger several mechanisms that influence
resistivity, including changes in the skeleton structure,
oxygen ordering, bond distances within Cu-O and Cu-O2

planes, and the introduction of lattice strain or impurity
scattering. The presence of dopant atoms affects not only
the normal-state resistivity but also the Tc, ΔTc, and the
density of mobile charge carriers. Moreover, the electrical
resistivity plots can reveal how doping influences metallic
characteristics, superconducting transition sharpness, and
the extent of disorder within the samples. Thus, factors such
as porosity, grain boundary effects, and the homogeneity of
oxidation states play a role in shaping the observed resis-
tivity behavior [41–44].

Figure 6a shows the ρ-T measurements for the Tb-doped
Y-358 samples. All samples with Tb doping exhibit
superconducting transitions, indicating that super-
conductivity is preserved; however, this observation alone
does not necessarily confirm the full retention of the
orthorhombic structure, as percolative effects through minor
orthorhombic domains could also account for the observed
transitions. The transition to the tetragonal phase, by con-
trast, is associated with a rapid suppression of critical
transition temperature. Similarly, the results obtained from
XRD confirm this structural tendency. Correspondingly, the
materials exhibit the intended crystalline quality and uni-
form compositional homogeneity.

However, as the Tb doping level increases, the Tc value
decreases gradually. The decrement trend is especially
strong after the doping amount exceeds 5%. The numeric
values are depicted in Table 3. It is visible from the table
that the Y0 has the highest superconducting transition
temperatures, with Tc

onset at 90.01 K and Tc
offset at 87.13 K,

as well as the lowest resistivity at room temperature and the
narrowest transition width (ΔTc= 2.88 K). As the Tb
impurity content increases, the transition width becomes
larger, reaching 11.51 K for the highest Tb doping. Corre-
spondingly, the presence and increasing concentration of Tb
impurities may affect adversely the stabilization of super-
conducting clusters, disrupt the crystal quality and homo-
geneity of oxidation states, and hinder the delocalization of

Table 2 EDX data for local elemental composition distribution content
(wt.%) for the samples

Name Weight %

OK YL BaL CuK TbK

Y0 13.43 19.02 42.22 25.33 -

YT1 14.06 18.25 44.15 22.81 0.73

YT5 13.18 16.63 42.68 26.66 0.86

YT10 12.55 14.22 44.44 27.71 1.08

YT15 11.67 12.13 45.91 28.82 1.47

Weight %

OK YL BaL CuK ZnK
YZ1 12.73 13.46 45.09 28.30 0.42

YZ5 13.61 14.17 44.61 26.94 0.68

YZ10 12.94 14.68 44.25 27.25 0.88

YZ15 12.99 14.59 43.68 27.28 1.46
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electronic density of states. Additionally, Tb incorporation
diminishes the degree of oxygen ordering (Table 1) and
impedes the formation of electronic bridges that facilitate
the generation of mobile holes. Hence, elevated Tb content
further may weaken the coupling mechanism associated
with electron-phonon interactions, particularly bipolaron
formation within the highly polarizable, strongly covalently
bonded Cu-O2 layers. Structurally, a larger Tb doping level
causes more impurity scatterings and disorders in the Y-358
superconducting material, resulting in a broader and less
sharp superconducting transition. These results are con-
sistent with the XRD findings, which also show increased
impurity phases and structural disorder with higher Tb
doping, supporting the conclusion that excessive Tb doping
negatively affects the superconducting properties of Y-358.
Namely, although this result supports the notion that the
incorporation of Tb ions into the crystal lattice does not
disrupt the orthorhombic symmetry, it nonetheless deterio-
rates the basic crystal quality. Based on all the obtained

results, it is evident that while the presence of Tb impurities
does not significantly alter the phase coherence of the
Cooper pair wave function, it does induce a slight reduction
in its amplitude. Moreover, it can be stated that all the
ceramic samples synthesized in the present study exhibit
relatively higher critical transition temperatures (Tc and Tc0)
compared to those of the Sm-358 and Gd-358 phases,
except for the YZ15 and YT15 compositions. Specifically,
the Sm-358 sample shows a superconducting onset tem-
perature (Tc) of approximately 65.08 K and a zero-
resistance temperature (Tc0) of 56.59 K, whereas the cor-
responding values for the Gd-358 phase are around 76.87 K
and 66.23 K, respectively [37].

Figure 6b also presents the ρ–T measurements for Zn-
doped Y-358 samples. As the Zn doping level increases, the
Tc of the samples drops steadily. As more Zn is added, both
Tc

onset and Tc
offset values become lower, while the transition

width gets much wider. For example, the YZ15 sample with
the highest Zn content has a very broad transition, with ΔTc
reaching 16.90 K, as presented in Table 3. At the highest Zn
doping level, the transition is not only broad but sometimes
displays a two-step change, illustrating weak links between
grain boundaries. These findings are consistent with the
structural analysis and XRD data, which show more dis-
order as the Zn content increases, especially at 10% and
15% doping levels. This overall trend indicates that higher
Zn doping negatively affects the superconducting properties
and structural uniformity of the Y-358 superconducting
ceramic structures.

A comparative analysis of Tb- and Zn-doped Y-358
ceramic matrices (provided in Fig. 7) demonstrates that both
dopants suppress the superconducting transition tempera-
ture and broaden the transition width, primarily due to a
decrease in the mobile hole carrier concentration involved
in the superconducting mechanism, modifications of the

Table 3 Superconducting transition temperatures, transition width, and
carrier concentration for Tb and Zn-doped Y358 samples from ρ–T
measurements

Sample Tc
onset(K) Tc

offset(K) ΔTc (K) p

Y0 90.01 87.13 2.88 0.118

YT1 89.90 86.21 3.69 0.117

YT5 88.27 79.15 9.12 0.108

YT10 76.91 67.13 9.78 0.096

YT15 74.74 63.23 11.51 0.092

YZ1 89.68 84.99 4.69 0.1150

YZ5 85.57 80.63 4.94 0.1096

YZ10 78.97 71.87 7.10 0.1002

YZ15 73.88 56.98 16.90 0.0869

Fig. 6 Temperature dependence of electrical resistivity measurements for a) Tb-doped and b) Zn-doped Y358 samples
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pseudogap state in high-Tc cuprates [45], and the emergence
of charge and spin phase separation phenomena [46].
However, they differ not only in the magnitude of their
impact but also in the underlying mechanisms through
which they influence superconductivity. Tb3+ ions, with a
larger ionic radius than Y3+, cause more strain in the crystal
lattice, leading to greater disorder and impurity formation.
As a result, Tb doping causes a sharper decrease in Tc and a
greater broadening in the transition interval after 5% dop-
ing, as already verified by SEM, XRD, and M-H experi-
mental results. In contrast, Zn2+ ions possess an ionic radius
comparable to that of Cu2+, allowing for more seamless
integration into the crystal lattice with minimal structural
disruption at lower doping levels. However, at higher Zn
concentrations, a degradation in superconducting properties
is still observed. These findings indicate that although both
dopants adversely affect the superconducting performance
of Y-358, the extent of structural distortion induced by Tb
impurity substitution is more pronounced than that caused
by Zn ones. This conclusion is consistent with previous
reports in the literature [18].

To sum up, the observed decline in superconducting
properties is strongly correlated with variations in phase
coherence, orthorhombicity, and doping concentration. This
indicates that the introduction of both Tb and Zn impurities
and the emergence of structural defects within the orthor-
hombic framework of the Y-358 superconducting phase
significantly influence the critical transition temperatures.
Although Y-358 is identified in the literature as a novel
high-Tc phase within the YBCO family, reportedly achiev-
ing superconductivity above 100 K, many experimental
studies, including the present one, have recorded Tc values
below 100 K, closely resembling those of the well-known
Y-123 phase [12, 47, 48]. This recurring observation sup-
ports the hypothesis that the Y-358 phase may, in fact,
represent an impurified and defect-laden variant of the

Y-123 phase. In other words, despite earlier claims of
enhanced superconducting performance, the findings of this
study demonstrate that even minimal impurity incorporation
is sufficient to destabilize the Y-358 superconducting phase.
Based on these valuable results, further research efforts in
applied superconductivity should emphasize the need for
structural stability and phase purity, especially for tech-
nologies reliant on high-performance materials in heavy-
industry applications, advanced engineering systems, and
large-scale superconducting infrastructure. Ultimately, this
study highlights that the substitution mechanism exerts a
pronounced influence on the Y-358 phase, due to its sen-
sitivity to changes in orthorhombicity, the emergence of
impurity phases, skeleton structure destabilization, crystal-
lographic imperfections, inhomogeneities in oxidation
states, degrees of oxygen ordering, and enhanced impurity
scattering.

3.4.2 Charge carrier concentrations

The mobile hole concentration (p) within the in-plane Cu–O₂
planes of Y-358 superconductor ceramic structures is criti-
cally governed by factors such as oxygen stoichiometry,
lattice defects, and elemental substitutions, particularly with
dopants like Tb and Zn. Modifications to the oxygen content,
the presence of cation vacancies, or the incorporation of
dopant ions directly influence the density of mobile holes
associated with Cu–O bonding, thereby exerting a significant
effect on the superconducting transition temperatures. In
particular, the introduction of foreign impurities such as Tb
ions tends to reduce the hole concentration p parameter,
likely due to enhanced structural disorder and weakened
coupling between adjacent Cu–O₂ layers. This reduction in
carrier density correlates with a measurable decrease in Tc
values. The calculated p values for all Y-358 ceramic
matrices are presented in Fig. 8a, b and detailed in Table 3.
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As shown in Fig. 8a, the p values decrease gradually as
the Tb impurity content increases in the Y-358 ceramic
structures. The decrement trend is especially pronounced for
the samples with 10% and 15% Tb (YT10 and YT15). The
substitutions of Tb3+ for Y3+ ions most likely alter the
electronic structure of the conductive Cu–O2 planes, redu-
cing both the p and Tc parameters. This trend is consistent
with resistivity, XRD, and M-H results, which show more
impurity phases and lower superconducting transition tem-
peratures for higher Tb impurity contents.

A similar trend is also observed for Zn-doped samples,
illustrated in Fig. 8b. Increasing Zn content leads to a drop
in the carrier concentration parameter, especially for the
YZ15 bulk sample. Although Zn2+ ions replace Cu2+ and
might be expected to add extra electrons, the actual effect is
a decrease in mobile holes. This is likely due to increased
lattice disorder and disruption of the strongly covalently
bonded Cu–O2 network. The greater the Zn concentration,
the more the structure becomes disordered, which reduces
carrier mobility and degrades superconducting properties.
At the same time, the reduction in mobile hole carrier
concentration results in an increased fraction of stacking
faults, enhanced oxygen deficiency, and overall micro-
structural degradation. These effects are accompanied by a
proximity-induced suppression of the superconducting
order parameter between inequivalent Cu-O2 planes and a
consequent weakening of the interlayer (c-axis) coupling
[26, 49, 50]. In fully oxygenated YBCO, strong overdoping
further illustrates this mechanism, with Tc being markedly
suppressed. Notably, the phenomenon is governed more by
generic electronic phase (spin) separation than by oxygen-
vacancy ordering, highlighting the role of nanoscale elec-
tronic inhomogeneity in dictating superconducting beha-
vior. Moreover, the reduction of tanstion temperature under

Zn substitution is consistent with unitarity-limit scattering
of quasiparticles in a d-wave superconductor in the presence
of a pseudogap [26]. At higher substitution levels, these
effects drive the system toward a spin-glass–like phase,
where superconductivity and short-range antiferromagnet-
ism coexist and compete [45].

Moreover, the different charge, ionic radius, and elec-
tronic configuration of Zn2+ particles compared to Cu2+

ions cause further structural disorder, resulting in lower
carrier concentration. A detailed analysis is presented in the
subsequent sections. Both Tb and Zn dopants contribute to a
reduction in the p value within Y-358 ceramic structures;
however, the decline induced by Tb impurities is more
significant and becomes increasingly pronounced at higher
doping levels, particularly beyond the 5% substitution
threshold. In contrast, Zn/Cu partial substitution results in a
more gradual and nearly linear decline in p across the stu-
died doping range. The sharper decrease in p parameter for
Tb-doped Y-358 ceramic structures is attributed to the lar-
ger ionic size of Tb3+ impurity ions and the greater lattice
strain and disorder it introduces, which more severely dis-
rupts the adjacent conductive Cu–O2 planes. The reductions
in p parameter are consistent with the observed decrease in
Tc values and align with previous findings linking structural
distortions to weakened superconducting behavior.

3.5 Magnetic behaviors

3.5.1 M-H experimental results

Magnetization hysteresis curves are plotted for the Tb-
doped and Zn-doped Y-358 ceramic samples at 20 K,
measured under magnetic fields ranging from −2 T to +2 T
in Fig. 9a, b, respectively. As seen from the plots, the

Fig. 8 Mobile hole carrier concentration values of the a) Tb-replaced and b) Zn-replaced Y358 samples
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magnetization behavior deduced from the area under the
hysteresis curves of both series is negatively affected
depending on the increase in the impurity percentage, and
therefore, the widths of the magnetization loops generally
decrease with increasing doping ratio. Any change in the
widths of the cycle curves results from the differentiation in
the coherence length, flux pinning force, crystallinity
quality, interaction quality between grains, and the exis-
tence of secondary or unwanted phases [51–54]. In the
current work, the figures indicate a serious weakening of the
diamagnetic response and a reduction in magnetic flux
pinning capacity to the applied magnetic field strengths for
both series. The similar trend for the magnetic fluctuations
was observed for the TR3Ba5Cu8Oδ (where TR=Ho, Y and
Yb) superconducting systems [10].

In more detail, according to Fig. 9a, the pristine Y0
sample exhibits the largest magnetic moment and loop area,
indicative of stronger magnetic flux pinning and higher
superconducting volume fraction. In this context, the SG
preparation technique was employed to synthesize ceramic
materials with tailored structural and functional properties.

With the progressive substitution of Tb3+ ions for Y3+

sites in the Y-358 ceramic structure, the magnetic hysteresis
loop area becomes narrower, and the magnetization
decreases significantly. The decrement trend also stems
from the fact that the partial substitution introduces local
magnetic inhomogeneities, disrupting the superconducting
pathways. In particular, the YT10 and YT15 samples show
significant narrowing of the loops and lower magnetization
saturation levels, indicating increased flux mobility, weaker
intergranular coupling, and enhanced structural disorder.
These effects are likely due to Tb-induced lattice strain,
impurity phases that hinder effective superconducting cur-
rent paths as evident from the shrinking loop width and
magnetization.

As for the magnetic behavior of Zn-doped Y-358 sam-
ples, similarly, increasing Zn concentration leads to a gra-
dual narrowing of the hysteresis loops and symmetrically
reduced magnetization, as seen in Fig. 9b. However, the
decline is more gradual compared to Tb doping, and the
magnetic response remains relatively symmetric and
broader even at 15% Zn content. The observed reduction in
magnetic performance is attributed to increased lattice
defects and weakened coherence between superconducting
grains caused by Zn substitution, which disrupts the adja-
cent conductive Cu–O2 network and flux pinning. Namely,
Zn substitution introduces non-superconducting regions that
reduce the effective cross-section for current flow, weak-
ening intergrain connectivity.

Both Tb and Zn dopants weaken the magnetic response
and diminish the diamagnetic effect in Y-358 super-
conductors, as evidenced by the narrowing M–H loops and
lower magnetization values. However, the weakening is
more pronounced at higher doping levels, particularly for
Tb impurities. This difference can be attributed to the larger
ionic size and stronger lattice distortions caused by Tb ions,
leading to more severe grain boundary and impurity effects
compared to Zn ones. Both types of doping disrupt the
superconducting phase due to the induced new lattice
strains and distorted Cu–O planes, but the mechanism and
extent of the magnetic degradation are related to the
dopant’s nature and concentration. Besides, the changed
hole doping levels with the partial substitutions in the Cu–O
planes, indirectly weakening the superconducting order
parameter. Moreover, M–H curves are used to discuss the
variation of coercivity, remanent magnetization, critical
current density, pinning force mechanism in the Y-358
crystal matrix with substitution mechanism.

In Fig. 9a, b, the point where the hysteresis loop crosses
the H-axis is coercivity. As seen from the plots, all samples

Fig. 9 Magnetization hysteresis loops at 20 K for a) Tb-doped and b) Zn-doped Y358 samples
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prepared exhibit symmetrical hysteresis loops due to their
soft magnetic behavior. For both series, Y0 ceramic samples
present the widest separations between the zero-
magnetization points related to the highest coercivity.
Accordingly, the materials indicate much stronger vortex
pinning and better superconducting integrity. On the
increase in the impurity ions in the Y-358 ceramics, the
loops become narrower and thus coercivity decreases con-
siderably as a result of the increased structural and elec-
tronic disorders, indicating weaker pinning ability and
reduced magnetic irreversibility and coercivity. Likewise,
the sol–gel synthesized pristine Y0 ceramics possess the
highest remanent magnetization, indicating strong persistent
currents and robust superconductivity. With increasing
foreign impurity ions, remanent magnetization values
decrease systematically and reach the global minimum
values for the highest substitution level. On this basis,
among the groups both YT15 and especially YZ15 show
much lower remanent magnetization, implying weaker
superconducting flux pinning.

3.5.2 Critical current density

The critical current density (Jc), indicating the maximum
current the material can carry without resistance is a key
parameter for technological applications of copper-based
superconductors like YBCO. The Jc parameter is strongly
governed by the microstructural characteristics, the density
and distribution of flux pinning centers, and the phase purity
of the ceramic matrix. Similar to the superconducting
transition temperature, the critical current density in YBCO
ceramics exhibits a pronounced dependence on the mobile
charge carrier concentration [49]. In turn, p is directly

influenced by the oxygen content (δ) and the efficiency of
charge transfer between the Cu-O chains and Cu-O2 planes,
which collectively determine the superconducting perfor-
mance of the system.

Hence, Jc can be enhanced by increasing the flux pinning
ability, which relies on the effectiveness of pinning centers
that trap magnetic flux lines when the applied magnetic field
exceeds Hc1 [10, 55, 56]. The variation of Jc with magnetic
field is analyzed using Bean’s critical state model [33],
where the width of the M–H curves directly reflects Jc
values. Therefore, changes in the hysteresis loop width
provide important information about the material’s ability to
carry current under a magnetic field. Correspondingly, the
critical current density values and pinning force values
calculated using ΔM values are also parallel to the obtained
results, as expected.

Figure 10a shows the field dependence of Jc for the
undoped and Tb-doped Y-358 samples at 20 K. The Y0
exhibits the highest Jc values across all applied fields. All
synthesized samples exhibit a high current-carrying capa-
city, arising from their intrinsic superconducting nature and
efficient charge transport mechanisms. This performance is
further attributed to the targeted crystalline quality and
uniform compositional homogeneity achieved through the
sol–gel method, a superior, effective, and reliable synthesis
route for producing advanced high-performance ceramic
systems. As the Tb doping level increases, the Jc values
decrease systematically, and this reduction is especially
significant at higher Tb concentrations (10% and 15%). This
means that the ability of the material to carry high current
under a magnetic field becomes weaker with more Tb
impurity ions in the ceramic matrix. The main cause of the
decrement trend is the negative effect of Tb ions on the

Fig. 10 Critical current density of a) Tb-doped and b) Zn-doped Y358 samples
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nucleation centers serving as effective flux pinning regions
in the material. Increased Tb doping introduces more
defects, impurities, and smaller grains, all of which weaken
the flux pinning capability and interlayer Josephson cou-
pling between the stacked adjacent layers. As a result,
magnetic flux lines (thermal fluxon motions of 2D pancake
vortices) begin to move more easily, leading to a rapid
decrease in the Jc parameter. According to a previous
publication [18], higher Tb substitution also causes a
reduction in the energy barriers for thermal flux motion and
increases structural disorder, which further limits the
superconducting performance.

Figure 10b also presents the Jc values for Zn-doped Y-
358 samples. Similar to the Tb-substituted Y-358 ceramic
samples, the Y0 shows the highest Jc values, and increasing
Zn content leads to a rapid decrease in Jc for all samples.
The effect is most obvious at higher Zn doping levels
(YZ10 and YZ15). This drop in Jc value can be explained
by the increased number of defects and impurities in the
microstructure, resulting in degradation of interlayer con-
nection strengths throughout the grain boundaries. In this
respect, increased imperfections based on excess Zn
impurity content disrupt the structure, weaken flux pinning
centers, and make it harder for the superconductor to
maintain high current densities in a magnetic field appli-
cation. Additionally, the difference in charge and ionic size
between Zn2+ and Cu2+ generates more structural disorder,
leading to a greater reduction in the potential energy bar-
riers, effectiveness of flux pinning, and lower Jc values.

Comparative analysis reveals that both Tb and Zn doping
reduce the Jc parameter of Y-358 superconductors by dis-
rupting the flux pinning mechanism and increasing the
number of structural defects [57]. Similarly, the presence of
impurity ions facilitates the recoupling of linear or discrete
pancake-like vortex structures. As a result, the flux lines
generated by the external magnetic field within ceramic
superconductors are more likely to hop between adjacent
pinning sites, thereby enhancing the likelihood of Cooper
pair breaking. Consequently, energy dissipation occurs
rapidly due to the thermally activated motion of two-
dimensional discrete pancake vortices. However, the
reduction is more severe in Tb-doped samples, likely due to
the larger ionic radius of Tb3+ and its more pronounced
impact on the crystal lattice, grain boundaries, and phase
homogeneity. This observation explains why the Y-358
superconducting phase with the highest level of Tb sub-
stitution exhibits the lowest resistance to externally applied
magnetic fields. These results emphasize the importance of
carefully controlling dopant type and concentration to pre-
serve superconducting performance. Excessive doping not
only reduces grain connectivity but also promotes defect
accumulation, ultimately leading to a substantial decline in
Jc value.

3.5.3 Pinning force mechanism

The width of the magnetization hysteresis curves is directly
related to the magnetic flux density entering the super-
conducting sample, which affects both the Jc and Fp para-
meters. As fluxons vibrate and move more easily, the
diamagnetic effect and pinning ability of the superconductor
decrease, especially in samples with increased Tb or Zn
doping levels in the main superconducting matrices. Thus,
analyzing the width, area, and shape of these loops helps
determine how doping alters the magnetic field dependence
of Jc and Fp quantities, and these changes generally follow
the observed trends in magnetization.

Figure 11a presents the normalized pinning force (Fp/
Fpmax) versus reduced field (H/Hmax) for Tb-doped Y-358
ceramic superconductors. As the Tb content rises, Fp values
decrease regularly due to the decrease in the nucleation
centers (interlayer Josephson couplings) and related pinning
capacity. As observed in previous M–H and Jc results, the
narrowing of the hysteresis loops with excess Tb impurity
confirms this situation. The decreasing trend observed in the
Fp is attributed to the increased concentration of impurities,
enhanced lattice strain and particularly the nanoscale nature
of Tb ions. These factors collectively promote flux creep
and compromise the stability of the superconducting phase.
At the same time, the decreased average grain size growth
and increased crystal structural problems, lattice strain
fields, and grain boundaries impair the pinning force
mechanism of the Y-358 ceramic system, as verified by
XRD patterns and SEM pictures. According to theoretical
analysis, the best fit at low magnetic fields is with the
normal point pinning model, while at higher fields, the Δκ
pinning model is more applicable. This is attributed to the
fact that most pinning centers in these samples are due to
local impurity or defect zones rather than strong, well-
distributed nanoscale pinning sites. The instability and
structural inhomogeneity observed in XRD and SEM ima-
ges further support these findings. In summary, higher Tb
doping increases structural defects and disorder, reduces the
effectiveness of pinning centers, and weakens the ability of
the superconductor to trap magnetic flux lines, leading to
lower Jc and poorer superconducting performance.

Figure 11b shows the normalized pinning force for Zn-
doped Y-358 samples as a function of field. Here, increas-
ing Zn content results in a decrease in Fp parameter, con-
firming that Zn is also not effective in forming strong flux
pinning centers. The trend matches the observed decline in
both magnetization and critical current density with more
Zn impurity doping. Similar to Tb ions, the main pinning
mechanism at low magnetic fields is best described by the
normal point pinning model, while the Δκ model fits better
at higher fields. This indicates that impurity zones act as
pinning points, but these are neither strong nor well-
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organized enough to offer robust flux trapping, particularly
as doping increases. The different charge and ionic radius of
Zn2+ compared to Cu2+ increase local disorder, reduce
homogeneity, and limit the formation of efficient pinning
centers. Regardless, the SG method demonstrates significant
effectiveness as a versatile and reliable technique for the
synthesis of high-quality ceramic materials.

Comparative analysis reveals that the presence of foreign
impurities remarkably harms the nucleation centers (inter-
layer Josephson couplings), impairs the pinning force capa-
city for the thermal fluxon motions of 2D pancake vortices,
and pinning force ability based on the instability of the
characteristic Y-358 superconducting phase, which is already
supported by the result of XRD and electrical resistivity
measurements. Especially, the reduction in Fp values with
increasing dopant concentration is more severe in Tb-doped
samples than in Zn-doped ones. This is attributed to the larger
ionic radius of Tb3+, and its stronger impact on lattice strain
and structural inhomogeneity. While both dopants reduce the
effective flux pinning areas, the effect of Tb impurity is more
detrimental, leading to enhanced flux creep and degraded
superconducting performance. According to the applied
theoretical models, the presence of nanoscale impurities,
oxygen deficiency, and poorly connected grain structures
further limits the distribution of nucleation centers in both
systems, with these factors being especially pronounced in
the Tb-substituted Y-358 ceramic series [34, 58, 59].

4 Conclusion

In this comprehensive study, the influence of partial sub-
stitution of trivalent Tb3+ at Y3+ sites and divalent Zn2+ at

Cu2+ sites on the structural, microstructural, electrical, and
magnetic characteristics of Y-358 high-temperature super-
conducting ceramics is rigorously investigated. The
experimental results reveal that incorporating both Tb and
Zn impurity ions significantly alters the intrinsic properties
of the Y-358 ceramic system, albeit through distinct
mechanisms and to differing extents. This shows that the
materials are synthesized with the targeted crystalline
quality and compositional homogeneity, meaning that
achieving ceramic materials with the desired crystalline
quality highlights the sol–gel method as a highly effective
and reliable synthesis route for the preparation of advanced,
high-performance ceramic systems. XRD analyses indicate
that both dopants affect phase stability, lattice strain, crys-
tallinity quality, and unit cell dimensions. However, Tb
substitution introduces more pronounced structural disrup-
tions and impurity phase formation, such as BaTbO3 and
BaCuO2, compared to Zn impurity, which demonstrates
better lattice compatibility at low-to-moderate doping
levels. These structural modifications are indicative of
increased orthorhombic-to-tetragonal distortions, with Tb
doping severely disturbing the Cu-O2 interlayer coupling
strength and integrity, a key feature in sustaining
superconductivity.

SEM imaging, corroborated by histogram-based grays-
cale analysis and particle size evaluations, provides further
valuable information about the dopant-induced morpholo-
gical changes. Tb3+ impurities result in irregular, porous
microstructures with high grain boundary density and
reduced grain connectivity, particularly at higher substitu-
tion levels of x= 0.10 and x= 0.15. In contrast, Zn-doped
samples exhibit finer, more uniformly distributed grains and
a relative improvement in surface morphology, especially at

Fig. 11 Normalized flux pinning force (Fp/Fpmax) as a function of reduced magnetic field (H/Hmax) at 20 K for a) Tb-doped and b) Zn-doped
Y358 samples
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intermediate concentrations, displaying that Zn plays a
more constructive role in facilitating controlled grain
refinement and surface densification. EDX analyses verified
the effective incorporation of Tb and Zn dopants through
the substitution of Y and Cu sites, respectively, within the
Y-358 ceramic lattice, indicating that the dopant-induced
modifications significantly influence microstructural uni-
formity and the continuity of superconducting current
pathways, either enhancing or degrading them depending
on dopant concentration.

Electrical transport measurements confirm that both Tb
and Zn impurity substitutions degrade the superconducting
properties of Y-358, manifested through decreased super-
conducting transition temperatures, increased transition
widths, and elevated normal-state resistivity. These effects
are attributed to reduced mobile hole concentration within
the Cu-O₂ planes, lattice-induced electronic disorder, per-
turbations of the pseudogap state, and disruption of oxygen
ordering, spin (phase) separation, and electronic density of
states. Tb impurity replacement, in particular, leads to a
more abrupt decline in Tc parameters and carrier density,
consistent with its stronger influence on structural distortion
and electronic inhomogeneity.

Magnetization measurements under varying magnetic
fields reveal a pronounced deterioration in the flux pinning
capacity and critical current density with increasing dopant
content. The M-H hysteresis loops narrow significantly for
Tb-replaced Y-358 superconducting ceramics, indicating
weakened flux pinning, increased flux creep, and reduced
superconducting volume fraction. Zn impurity also leads to
reduced Jc value; however, the decline is less severe and more
gradual, maintaining relatively better magnetic performance
at moderate concentrations. The normalized pinning force
analyses indicate that flux pinning in both substituted ceramic
systems primarily follows a normal point pinning mechanism
at low fields and shifts to Δκ-type pinning at higher fields,
pointing to impurity- and defect-driven artificial pinning sites.

In summary, while the presence of both Tb and Zn
impurities negatively impacts the superconducting phase
integrity and performance of Y-358 ceramics, the extent and
nature of these effects vary considerably. Tb3+ foreign ions,
due to their larger ionic radius and stronger propensity to
disrupt the crystal lattice, induce more substantial structural
instability, phase impurity formation, and grain connectivity
degradation, resulting in a steeper decline in super-
conducting and magnetic properties. Zn2+ impurity ions, by
contrast, exhibit more favorable substitution behavior,
allowing for improved grain refinement and surface uni-
formity at optimized concentrations, though higher Zn
levels still introduce detrimental effects.

All the obtained results emphasize the critical importance
of dopant selection and concentration control in preserving
the structural coherence, phase homogeneity, and functional

integrity of high-Tc superconducting ceramic structures.
The sensitivity of the Y-358 superconducting phase to even
moderate levels of impurity highlights the necessity of
precise synthesis strategies and post-processing protocols in
applications requiring reliable and efficient superconducting
behavior. This investigation offers valuable insights for the
strategic design and optimization of doped Y-based super-
conductors, with potential implications for their deployment
in advanced magnetoelectronic systems, power transmission
technologies, and energy storage applications.
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