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ARTICLE INFO ABSTRACT

Handling Editor: L Murr This study presents a novel modified thermal decomposition (MTD) technique for the synthesis of bulk YBay.
Cuz07.5 (Y-123) ceramics with varying samarium oxide (Sm203) additions (0.0,0.1,0.3,0.5, 1.0 and 5.0 wt%)
under ambient conditions. A structural analysis via X-ray diffraction (XRD) with Rietveld refinement confirmed
the dominant formation of the orthorhombic Y-123 phase, accompanied by minor secondary phases, such as
Y2BaCuOs (Y-211) and BaCuOs. Notably, at 0.1 wt% SmyOs, a distinct Sm; j5Baj gsCuzO7 (Sm-123) phase
emerged, contributing to enhanced phase stability and effective flux pinning. The optimized 0.1 wt% sample
exhibited the highest oxygen content (~6.87), largest crystallite size (~1865 A), and lowest lattice strain, factors
directly linked to enhanced superconducting properties. Field emission scanning electron microscopy (FESEM)
revealed significant grain growth (~8.14 pm) and enhanced grain connectivity at 0.1 wt%, while higher doping
levels caused porosity and microstructural deterioration. High-resolution imaging further revealed zigzag grain
boundaries and nanoscale inclusions acting as flux pinning centers. Energy-dispersive X-ray spectroscopy (EDX)
confirmed the uniform elemental distribution and successful Sm incorporation. The 0.1 wt% Smy0O3-added
sample achieved the highest critical current density (J. = 5.62 kA/cm? at 77 K), with a narrow superconducting
transition width (AT, ~ 2.96 K), a Tconset Of 92.21 K, and a T¢zero Of 89.25 K, indicating minimal weak-link
behavior. These findings demonstrate that low-level SmO3 addition effectively introduces flux pinning cen-
ters while preserving crystal integrity and oxygen stoichiometry. The resulting enhancement in superconducting
performance underscores the scalability and efficacy of the MTD route for producing high-performance Y-123
ceramics.
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1. Introduction [3-5]. These limitations are primarily attributed to grain boundary

misalignments and poor flux pinning efficiency, which facilitate vortex

High-temperature superconductors (HTS), particularly YBapsCugOy.5
(Y-123) have garnered significant attention due to their relatively high
critical temperature (T.), simple perovskite structure, and potential
applications in power transmission, magnetic levitation, and magnetic
resonance imaging [1,2]. Despite these advantages, the performance of
Y-123 ceramic is often limited by weak intergranular coupling and low
critical current density (J.), particularly under applied magnetic fields
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motion and reduce current-carrying capacity [6-8]. To overcome these
challenges, researchers have explored various strategies to improve
microstructural uniformity and introduce artificial pinning centers that
anchor vortices and thereby enhance J.

One promising strategy to overcome these challenges involves the
incorporation of rare-earth oxides (REO), either through substitution or
additive routes. Among these, samarium oxide (Smy03) has attracted
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interest for its dual role in structural stabilization and vortex pinning
enhancement. The partial replacement of Sm>! with Y3'can induce
beneficial lattice distortions and improve oxygen ordering along the
Cu-O chains, thereby enhancing superconductivity [9-11]. Addition-
ally, the addition of SmyO3 may promote the in-situ formation of
SmBayCu307 (Sm-123) secondary phases, which serve as intrinsic flux
pinning centers [12,13]. However, the effectiveness of REO doping de-
pends strongly on the dopant concentration and synthesis route used,
necessitating careful process optimization. For instance, Giidiicii et al.
(2024) showed that substituting terbium (Tb) at x = 0.01 enhanced the
J. by improving isotropic grain morphology despite a slight reduction in
the T, [14]. Similarly, Vojtkova et al. (2018) found that Smy03 micro-
alloying, along with trace Yb contamination, refined the Y-211 particles
and produced a secondary J. peak under an applied magnetic field-an
indication of enhanced pinning due to Sm-induced nano-defects [15].
Nonetheless, an excessive concentration of nano-SmsO3 (>0.5 wt%) can
degrade superconductivity by inducing porosity and reducing grain size,
as shown by Aima (2018) [16]. This trend was echoed by Vojtkova
(2018), who demonstrated that small additions of SmyO3 or LayOs
refined Y-211 inclusions and improved the J. when processed via
top-seeded infiltration growth [11]. These findings highlight the need
for a precise optimization of the REO content to balance the micro-
structural refinement and grain boundary integrity.

Alongside dopant optimization, the synthesis technique plays a
pivotal role in determining phase purity, grain morphology, and oxygen
incorporation in Y-123 ceramics [17-19]. Recently, a novel approach,
termed the modified thermal decomposition (MTD) method, has
emerged as a promising alternative to conventional approaches such as
solid-state reaction (SSR), sol-gel (SG), thermal treatment (TT), and
co-precipitation (COP) [20-23]. The MTD approach employs metal ac-
etate precursors decomposed via a multi-stage thermal process that
enables precise stoichiometric control and uniform ion dispersion at the
atomic level. Unlike wet-chemical routes that require complex pH con-
trol, solvents, surfactants, or catalysts, the MTD technique relies solely
on the controlled thermal breakdown of metal acetates, eliminating the
need for polymeric binders (polyvinylpyrrolidone (PVP)), atmospheric
regulation, or repeated grinding [19,24]. Compared to nitrate-based TT
methods that may leave organic residues, the MTD method produces
clean decomposition products and promotes uniform nucleation. These
advantages contribute to enhanced microstructural integrity, improved
oxygen incorporation, and better intergranular coupling, which are
critical for stabilizing the orthorhombic phase and enhancing the J.. [24,
25].

Previous studies have validated the effectiveness of the MTD method
for fabricating high-performance Y-123 ceramics. Al-Gaashani et al.
demonstrated that thermal decomposition strategies can yield high-
purity CuO nanostructures in a single step without use of the catalysts
or templates [25,26]. Building on this foundation, Arebat et al. and Sah
et al. (2024) successfully adapted the MTD method for the synthesis of
Y-123 ceramics, employing acetate-based precursors and tailored ther-
mal treatment steps. Their findings confirmed that the MTD method
offers enhanced phase formation, structural homogeneity, and improved
superconducting properties compared to SSR and TT [17,19]. Comple-
mentary investigations by Yap et al. (2025) further validated the po-
tential of this method, where a comparative analysis of synthesis
techniques, including TT, SSR, and MTD, under ambient conditions
showed that the MTD method yielded a Y-123 sample with the nar-
rowest superconducting transition width (AT.) and the highest phase
purity (98.3 %) [27]. In a subsequent study, Arebat et al. (2025)
expanded the MTD method by demonstrating its capability to produce
high-T, Y-123 (Tconset = 93.72 K) using optimized thermal conditions,
namely, calcination at 910 °C, sintering at 980 °C, and annealing in
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ambient air at 600 °C,thus eliminating the need for oxygen flow during
processing [24]. This approach, supported by a TGA/DTG analysis,
enabled gradual oxygen incorporation, reducing internal strain and
improving the lattice stability. These parameters were adopted and
refined in the present study, based on both the previous literature and
the experience of in-house optimization [28]. The effectiveness of the
MTD method has been validated through the optimal integration of
REO. A recent study demonstrated that adding an ideal concentration of
neodymium oxide (Nd2O3) to Y-123 led to better phase stability,
enhanced grain size, and improved superconductivity performance [29].
In contrast, studies using conventional methods for REO addition
frequently reported phase degradation, oxygen deficiencies, and
reduced the T, values [7,16,30].

Motivated by these findings, the current study explored the effects of
various concentrations (0.0, 0.1, 0.3, 0.5, 1.0, and 5.0 wt%) of Sm503 on
the microstructure and superconductivity of bulk Y-123 ceramics syn-
thesized via the MTD method. Sm,03 was selected due to its favorable
ionic size, minimal lattice mismatch, and well-documented effectiveness
in enhancing flux pinning and phase stability [11,12]. The chosen range
of concentrations enabled a comparative evaluation of both the bene-
ficial and adverse effects, where low levels (<0.5 wt%) of Sm,03 were
expected to enhance flux pinning and grain connectivity and higher
levels (>1.0 wt%) to induce structural disorder, phase decomposition,
and grain boundary degradation [11,16]. Although addition of REO has
been widely studied in Y-123 systems prepared by conventional
methods [29-32],while the MTD approach has independently demon-
strated significant advantages in phase control and grain refinement, the
combined application of SmpO3 doping within the MTD framework re-
mains unaddressed in the literature. This study addressed that gap by
providing a comprehensive, concentration-dependent analysis of the
addition of Sm»0s3 using the MTD route that links processing parameters,
phase evolution, and superconductivity. This novel integration of Sm»03
with the MTD method established new process-structure-property re-
lationships, offering fresh insights into REO-based performance tuning
in high-T, superconducting ceramics.

For clarity and consistency, all the abbreviations and key technical
terms utilized throughout this manuscript are summarized in Table 1.

2. Materials and methods section
2.1. Preparation process

Bulk YBayCusOy.5 (Y-123) ceramics were synthesized using the MTD
method, following the procedures adapted from Arebat et al. [24,28].
High-purity precursors-yttrium acetate (Y(CH3COO)s3-4H30), barium
acetate (Ba (CH3COO),), and copper acetate (Cu (CH3COO)3) (>99.9 %
purity, Alfa Aesar), were weighed in stoichiometric proportions. The
weighed precursors were manually mixed for 15 min in a crucible using
a clean glass rod to ensure initial homogeneity. The mixture underwent
pre-calcination at 600 °C for 30 min to eliminate volatile components.
The pre-calcined powder was then ground for an additional 30 min using
a mortar to enhance homogeneity. The resulting powder was transferred
to an alumina boat and subjected to calcination at 910 °C for 24 h. The
powder was ground again for 15 min post-calcination to achieve a
consistent particle size distribution before it was formed into pellets.

Samarium oxide (Smy03) was incorporated into the Y-123 precursor
matrix at concentrations of 0.1, 0.3, 0.5, 1.0, and 5.0 wt%, followed by
thorough grinding to ensure uniform dispersion. The resulting powders
were uniaxially pressed into cylindrical pellets (~11.5 mm diameter x
~1.7 mm thickness) using a manual hydraulic press. Sintering was
performed at 980 °C for 24 h under ambient atmospheric conditions,
followed by slow cooling to 600 °C and holding for 12 h to promote
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Table 1
Nomenclature and abbreviations used in the manuscript.
Symbol/Abbreviation Definition Symbol/Abbreviation Definition
MTD Modified thermal decomposition AT, Width of the resistive transition
SSR Solid-state reaction MRI Magnetic resonance imaging
TT Thermal treatment Nd,03 Neodymium oxide
SG Sol-Gel Sm,03 Samarium oxide
COP Co-precipitation REO Rare-earth oxide
PVP Polyvinylpyrrolidone Y(CH3COO0)5-4H,0 Yttrium acetate
K Kelvin (unit of temperature) Ba (CH3COO0), Barium acetate
A Ampere (unit of current) Cu (CH3CO0), Copper acetate
cm Centimeter YBCO Yttrium-barium-copper—oxygen
Y-123 YBa,Cus0._5 ceramic a, b, c Lattice parameters (axes of the unit cell)
Y-211 Y,BaCuOs secondary phase 7-98 Oxygen content in YBCO structure
BaCuO, Barium copper oxide L Crystallite size
Sm-123 Sm;y 15Ba; gsCuz07 superconducting phase A X-ray wavelength
XRD X-ray diffraction B Full width at half maximum (FWHM) of the diffraction peak
EDX Energy-dispersive X-ray spectroscopy 0 Bragg angle
4 PP Four-point probe v Voltage
SQUID Superconducting quantum interference Device I Applied current
FESEM Field emission scanning electron Microscope R Resistance
Je Critical current density P Hole carrier concentration
T, Critical temperature TYax Highest superconducting transition temperature
Te-onset Start of the superconducting transition Am Difference in magnetic moment
Tezero Temperature at which zero resistance is achieved ICSD Inorganic crystal structure Database
gradual oxygen diffusion. The selected thermal profile was based on bl
previous studies demonstrating its effectiveness in enhancing phase Ta e.2 . . . . .
s . L . . Chemical specifications of starting materials used in the sample synthesis.
stability and oxygen incorporation in Y-123 ceramics [24,28].
To prevent environmental interference, all the synthesis steps, Material Name  Chemical Formula  Purity Supplier Physical
. . . . . PO . . 0
including precursor handling, grinding, mixing, and pelletizing, were %) Form
conducted in a climate-controlled laboratory. Temperature and relative Yttrium Y(CH3CO0)3-4H0  >99.9%  Alfa Aesar Powder
humidity were continuously monitored using a calibrated Hubstein acetate
. . Barium Ba (CH3COO), >99.9 % Alfa Aesar Powder
HTC-1 thermohygrometer, which recorded a stable environment of 25 acetate
+1°Cand 51 £ 5 % relative humidity [33-35]. These conditions were Copperacetate  Cu >99.9%  Alfa Aesar Powder
maintained throughout the experimental procedure to minimize mois- (CH5CO0)»H20
ture absorption by hygroscopic acetate-based precursors and to ensure Samarium S5m0 299.9%  Sigma- Powder
S1s1s . . . . . oxide Aldrich
reproducibility and phase integrity. Following sintering, all samples
were stored in sealed desiccators until further characterization.
A step-by-step flowchart summarizing the complete experimental
YBa,Cu,0, ; (Y-123) via
MTD Method
1 '
Y(0OCH,),4H,0 [ Ba(OOCCH,),] [ Cu(0OCCH,),. H,0 ]
Weighed and Mix + Stir 15 min ] Q S
[ ¢ Metal Acetates 7
l (RE =Y, Ba, Cu) Pre-Calcination
Mix + Stir 15 min (600°C, 30 min)

Pre - Calcination 600 °C, 30 min

Grinding 30 min

[ Calcination 910 °C, 24 h ]
Grinding 30 min

Grinding for 5 min;
Palletization Adding Sm20s

Sintering 980°C,24 h

Characterization
tools

g

EDX

4PP FESEM

@ [_soup ]

\\\\\ RRRRRRRS
\\\\\\\\\\\\\\\\\\\\\\\\\\\
N \\

DR

Sintering 980°C, 24 h

Modified Thermal
Decomposition (MTD)

Method
© 3]

Adding Sm:0s;
Calcination 910°C, 24h;
Pelletizing |

(b)

Fig. 1. (a) Flowchart illustrating the synthesis and characterization procedures for Sm,0O3-added Y-123 ceramics via MTD method; (b) Schematic representation of

the experimental specimen preparation process.
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workflow is provided in Fig. 1a and 1b presents photographs of the tools
and instruments used during the synthesis. A summary of the chemical
composition, purity, and suppliers of all the starting materials is given in
Table 2.

2.2. Characterization tools

The phase composition and crystal structure of the samples were
analyzed using X-ray diffraction (XRD) with Cu-Ka radiation (A = 1.54
Z\) on a PW 3040/60 MPD X'Pert PRO diffractometer (Panalytical Phi-
lips DY 1861). Surface morphology and elemental composition were
examined using field emission scanning electron microscopy (FESEM)
coupled with energy-dispersive X-ray spectroscopy (EDX). The super-
conducting transition temperature (T.) was determined using the four-
probe technique with a Keithley 6221 DC Current Source and a Keith-
ley 2182A Nanovoltmeter in a closed-cycle helium cryostat, covering a
temperature range of 30-300 K. The critical current density J. was
evaluated using a Quantum Design MPMS5 SQUID magnetometer under
zero-field-cooled conditions at 77 K with an applied magnetic field of 1
Oe. Magnetization hysteresis (M — H) loops were recorded in applied
magnetic fields ranging from 0 to +5 T at 20 K. The J. of the samples
(dimensions ~1.5 mm x 1.5 mm x 0.5 mm) was calculated using the
extended Bean critical state model [36]:

20Am

@

where d is the sample’s thickness; a, b (a < b) are the cross-sectional
dimensions of a rectangular sample; and Am (in emu units, 1 emu =
10°Am?istheM — H loop’s width.

To support reproducibility and transparency, Fig. 2a-d presents
photographs of all physical instruments used in this study, while
Fig. 3a—c includes screenshots of the software platforms employed for
data processing and visualization, namely X'Pert HighScore Plus for
XRD analysis, OriginPro 2019 for graphical plotting, and ImageJ for

Journal of Materials Research and Technology 36 (2025) 9168-9181
grain size quantification.
3. Results and discussions
3.1. X-ray diffraction (XRD) analysis

Fig. 4a and b presents the XRD patterns of the bulk YBay,Cu3Oy.5 (Y-
123) samples to which various concentrations (0.0-5.0 wt%) of Sm30O3
had been added under ambient annealing conditions. The diffraction
patterns were dominated by the characteristic peaks of the ortho-
rhombic Y-123 phase (space group Pmmm, ICSD: 98-003-1706), with
strong reflections observed at 26 ~ 32.4° and 32.8°, corresponding to the
(013) and (103) crystallographic planes, respectively. Phase identifica-
tion and refinement were carried out using the X'Pert HighScore Plus
software with Rietveld refinement and ICSD reference standards [24,
271]. All the compositions retained the orthorhombic perovskite struc-
ture, confirming successful phase formation of Y-123 across the Smy03
doping range.

At a lower concentration of SmyO3 (0.1 wt%), minor secondary
phases were identified, including Sm; ;5Ba; gsCuzO7 (Sm-123) (ICSD:
98-002-5671), alongside Y,BaCuOs (Y-211) (ICSD: 98-002-4901) and
BaCuOs (ICSD: 98-002-5028), consistent with previous research [2,24].
As the Smy03 concentration was increased, particularly beyond 0.5 wt
%, these secondary phases became more pronounced, as evidenced by
the increased intensity of their diffraction peaks [11,16]. Although
achieving complete phase purity in REO-added systems remains a
challenge, the presence of finely dispersed Y-211 and Sm-123 particles
may enhance flux pinning, especially when confined to nanoscale do-
mains. Importantly, despite the emergence of these secondary phases, all
samples maintained an orthorhombic crystal structure-critical for pre-
serving high T. values and ensuring effective intergranular super-
conducting pathways [15,30,37].

Tables 3 and 4 summarize the evolution of the structural parameters
of specimens, revealing key insights into the observed enhancements in
superconducting properties. At a concentration of 0.1 wt%, the Sm-123

Fig. 2. Photographic representation of physical instruments used in this study: (a) X-ray diffraction (XRD); (b) FESEM-EDX system; (c) four-point probe (4 PP); (d)

SQUID magnetometer.

9171



R.A. Mohamed Arebat et al.

]

A (5t You Teupet Reloece e b dmos Jook (smomie Wedow Hep

2

btod fH nL "“'L.' todwed

(a) X’Pert Highscore Plus software

Journal of Materials Research and Technology 36 (2025) 9168-9181

DBmRa-Rak seue
SEARRRYN. A v

Teapmtwe &

pep=

SO iwbne. 898 ERE.

(b) Origin 2019b 64Bit software

::iltlemagéecjﬁt Image Process Analyze Plugins Window Help =
O|o|x|o| A« N Ao A x|~ | | |=

Text tool (double-click to configure)

(c¢) ImageJ software

Fig. 3. Screenshots of the software tools used for data analysis and interpretation: (a) X’Pert HighScore Plus; (b) OriginPro 2019; (c) ImageJ.

phase volume fraction reached a maximum of 2.7 %, indicating a
favorable partial substitution of Sm*" for Y3*, owing to their similar
ionic radii [38,39]. This substitution preserved the orthorhombic sym-
metry and promoted improved oxygen ordering along the Cu-O chains,
facilitating more efficient charge carrier transport [11,40]. The same
sample also exhibited peak shifts toward lower 20 values (Fig. 4b),
suggesting slight lattice expansion and improved crystallinity. These
changes are typically associated with reduced internal strain, increased
oxygen uptake, and enhanced phase coherence [9,37]. Such structural
modifications are consistent with enhanced oxygen alignment within
the Cu-O chains, which is known to support higher carrier mobility and
stronger superconducting behavior. Fig. 5 illustrates the correlation
between the undoped and optimally doped samples (0.1 wt%) in terms
of oxygen content, crystallite size, and lattice strain. The results show
that the 0.1 wt% sample exhibited higher values for oxygen content and
crystallite size, while maintaining lower lattice strain—all of which
contribute synergistically to improved superconducting performance
[11,13,39].

The orthorhombicity of the Y-123 structure, calculated as (b-a)/ (b +
a), decreased progressively with increasing SmoO3 content, as detailed
in Table 3. This reduction in lattice distortion was attributed to the
cumulative structural strain and oxygen site disorder, both of which are
known to suppress the T, [7,16]. The oxygen content (7-8) was esti-
mated using the formula [41]:

7 —6=75.25—5.856¢ (2)
where, c is the lattice’s parameter along the c-axis. The 0.1 wt% SmyOs-
doped sample exhibited a slight increase in oxygen content (~6.87),
indicating enhanced oxygen ordering with full occupancy at the O(1)
sites along the b-axis in the CuO chains [32]. Furthermore, the crystallite
size (L) was calculated using the Debye-Scherrer equation [42]:

9172

L K2 (3)
pcos @

where k = (0.9) is the shape factor, A = 0.1542 nm is the X-ray’s

wavelength, p is the full width at half maximum (FWHM), and @ is the

Bragg angle.

As shown in Table 4, crystallite size (L) increased initially with the
Smy03 concentrations, reaching a maximum of 1865 A at 0.1 wt%,
before decreasing at higher doping levels. This trend suggested that the
formation of a modest amount of the Sm-123 phase promoted local grain
growth and stabilized the Y-123 matrix, whereas excessive concentra-
tion of Smy03 (>1.0 wt%) introduced structural disruptions, hindered
grain coarsening, and contributed to crystallite fragmentation [37].
Thus, a concentration of 0.1 wt% of Smy03 represented the ideal doping
level, effectively balancing phase composition, lattice integrity, and
grain connectivity to maximize superconductivity.

At higher doping levels (>1.0 wt%), the Sm-123 vol fraction
diminished while undesirable secondary phases such as Y-211 (3.1 %)
and BaCuOs (3.5 %) became dominant. This phase imbalance led to peak
broadening and a shift toward higher 26 values in the XRD patterns
(Fig. 4b), indicative of lattice contraction and elevated microstrain. Such
structural degradation is attributed to increased porosity, oxygen defi-
ciency, and grain boundary deterioration, factors that disrupt super-
conducting pathways. These findings underscore the inherent challenge
of achieving complete phase purity in rare-earth-doped Y-123 systems,
particularly at elevated doping concentrations [43,44]. Interestingly,
analogous microstructural destabilization has been observed in ther-
mally treated P91B steels, where excessive heat exposure induces sec-
ondary phase formation and lattice distortion, ultimately degrading
material performance [45]. These cross-material parallels further
highlight the importance of carefully controlling dopant levels and
thermal processing to preserve phase stability and microstructural
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Fig. 4. (a) XRD patterns of bulk Y-123 samples with varying Sm;O3 concen-
trations; (b) Magnified XRD patterns highlighting the (013) and (103) diffrac-
tion peaks.

Table 3
Lattice parameters, oxygen content, and orthorhombicity of bulk Y-123 ceramics
with varying Sm,03 concentrations.

Sm,03 Addition wt. Lattice Parameters (A) Orthorhombicity Oy
% A&

a- b-axis  c-axis | (b-a)/(a+b) |

axis
0.0 3.820 3.885 11.683 0.00844 6.834
0.1 3.825 3.889 11.676 0.00827 6.873
0.3 3.822 3.887 11.681 0.00841 6.850
0.5 3.824 3.888 11.683 0.00830 6.834
1.0 3.826 3.886 11.684 0.00788 6.830
5.0 3.825 3.887 11.679 0.00801 6.858

integrity. In summary, the XRD analysis confirms that 0.1 wt% SmyO3
yields an optimal balance of orthorhombic phase stability, oxygen
ordering, and crystallite growth-structural features that underpin the
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enhanced flux pinning and intergranular coupling observed in later
superconducting transport measurements.

3.2. Field emission scanning electron microscopy (FESEM) analysis

Microstructural refinement plays a pivotal role in determining the
superconducting properties of Y-123 ceramics, particularly by influ-
encing magnetic flux pinning and intergranular current transport [46,
471. In superconducting materials, intentional microstructural tuning,
such as the introduction of the controlled defects or grain boundary
engineering, has been shown to enhance flux pinning effectiveness and
promote stable current pathways [2,14,48]. However, the success of
such modifications strongly depends on parameters like grain size,
morphology, and distribution. Well-connected, uniformly distributed
grains tend to reduce weak-link behavior and promote more coherent
charge transport across grain boundaries [17,49]. Recent findings by
Arebat et al. (2025) demonstrated that the MTD method, especially
under ambient annealing conditions, facilitates oxygen incorporation
into the Y-123 lattice while minimizing the formation of structural de-
fects [28]. These samples showed clean, rectangular grain morphologies
and a highly aligned granular architecture, which is beneficial for sus-
taining strong intergranular coupling. The current study builds upon
these findings and links them to the structural observations discussed in
Section 3.1 (XRD Analysis), particularly the optimized crystallinity,
reduced lattice strain, and enhanced oxygen ordering observed at 0.1 wt
% Smy0s3. These structural advantages are now examined further in
terms of their manifestation in the grain-scale and nanoscale features
visualized by FESEM.

Fig. 6 presents the FESEM micrographs alongside corresponding EDX
spectra of Y-123 ceramics synthesized via the MTD method with SmyOs3
concentrations ranging from 0.0 to 5.0 wt%. Grain size evaluations were
conducted using ImageJ software, to analyze 100 randomly selected
elongated grains per sample [50,51]. The findings are summarized in
Table 5. The undoped Y-123 sample exhibited moderately sized grains
with noticeable porosity and limited intergranular cohesion, features
typically associated with suboptimal flux pinning and weaker super-
conducting pathways. In contrast, the 0.1 wt% SmyOs-doped sample
exhibited the largest average grain size (~8.14 pm), which was attrib-
uted to the enhanced grain boundary diffusion and improved densifi-
cation. This behavior was likely driven by the minor substitution of
Sm>* ions for Y3*, which introduced localized strain fields that pro-
moted grain growth while preserving lattice stability, consistent with
earlier reports [16,19,52].

At higher Sm»03 concentrations (>0.3 wt%), a progressive reduction
in grain size was observed, culminating in an average grain size of
approximately 2.49 pm at doping level of 5.0 wt%. This grain refinement
was accompanied by increased porosity, the emergence of secondary
phases, notably Y-211 and BaCuO,, and a deterioration of grain
boundary integrity. The FESEM imaging revealed irregular grain mor-
phologies and disrupted intergranular contacts at elevated Smy03 levels,
leading to the formation of insulating barriers that obstructed coherent
charge carrier transport across the superconducting matrix. These
microstructural degradations correlated strongly with the XRD findings,
which showed intensified secondary phase peaks and diffraction peak
shifts indicative of lattice contraction and oxygen disorder. Interest-
ingly, similar degradation mechanisms were reported by Khajuria et al.
(2024) in the heat-affected zones of structural steels, where excessive
thermal exposure led to the weakening of grain boundaries, porosity,
and mechanical deterioration [53,54]. Such cross-disciplinary parallels
underscore the universal importance of microstructural stability in
preserving mechanical and electronic performance. Collectively, these
observations affirmed that the excessive addition of SmyO3 compro-
mised the structural uniformity of the Y-123 phase, destabilizing grain
boundary networks and significantly degrading superconducting path-
ways and the J.. These results aligned closely with earlier reports, which
emphasized that REO overload leads to structural fragmentation,
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Table 4
Structural characterization parameters of bulk Y-123 ceramics with different Sm,03 additions.
Sm,03 Addition wt.% Volume fraction % Volume of Unit Cell Crystallite Size (L) Lattice
Strain
Y-123 Sm-123 Y-211 BaCuO, Ve (&) Y-123(A) Y-123 %
0.0 100 / / / 173.41 1438 0.142
0.1 97.3 2.7 / / 173.66 1865 0.118
0.3 100 / / / 173.52 1820 0.120
0.5 100 / / / 173.68 1531 0.135
1.0 93.4 / 3.1 3.5 173.71 743.0 0.228
5.0 94.3 / 5.7 / 173.66 682.0 0.243
00 658 015 control. These nano-entities, uniformly distributed across the grain
: . ' junctions, likely act as effective flux pinning centers by anchoring
L 0.140 vortices and restricting their motion under an applied magnetic field.
] ) -
004 6 The presence of these finely dispersed secondary structures enhances
- © 0135 - overall phase stability and strengthens the homogeneity of the super-
) T Lo & conducting matrix. Furthermore, the organized nanoscale architecture
§ 17004 % 656 8 suggests that 0.1 wt% SmyO3 doping not only facilitates grain growth
[ﬁ ‘g Loaos & but also promotes controlled formation of secondary pinning phases,
= 0] B reinforcing vortex immobilization and boosting the critical current
8 g 0.120 3 .
2 1600 gl) 6.85 2 S den51ty .(JC) [1 6,5.0.]. . . .
5 2 Loils At high magnification (50,000 x , Fig. 7c), the FESEM micrograph
o) distinctly revealed a zigzag grain morphology, accompanied by nano-
sood esad —1-073 L0.110 sized entities embedded within the grain boundaries. This character-
s istic zigzag crystallization pattern reflected a highly controlled grain
—u— Crystallite Size (A) L0.105 gzag <y P . gLy con §
N i o growth enabled by the MTD synthesis method and optimal SmyO3
4004 6834 " La'ttlce Strain (%) o100 doping. Such a textured grain boundary network enhanced grain inter-

0.1
Sm,0; Addition (wt.%)

Fig. 5. Correlation of oxygen content (7-8), crystallite size (L), and lattice
strain between the pure Y-123 sample and the optimal 0.1 wt% Sm,03-added Y-
123 sample.

weakens intergranular coupling, and suppresses superconductivity [12,
55].

To systematically characterize the microstructural changes across
multiple length scales, high-resolution cross-sectional FESEM imaging
was conducted at low, medium, and high magnifications on the optimal
(0.1 wt%) sample, as depicted in Fig. 7a—c. The cross-sectional micro-
graphs revealed a densely packed microstructure characterized by
reduced porosity, uniform grain distribution, and strong intergranular
cohesion. These features confirm that the MTD method, combined with
the controlled addition, of Smy03 promoted phase homogeneity and
refined the microstructural integrity. Such a compact granular archi-
tecture is critical for minimizing weak links at grain boundaries, thereby
enhancing superconducting pathways and improving the critical trans-
port of current.

At low magnification (5000 x , Fig. 7a), the FESEM image revealed a
densely packed granular microstructure characterized by well-
connected grains and negligible porosity. This compact morphology
suggested that the MTD method, combined with the addition of opti-
mized 0.1 wt% Smy03, effectively promoted uniform grain growth and
minimized weak links at the grain boundaries. Such densely packed
grains enhanced intergranular coupling, reduced flux flow barriers, and
facilitated continuous superconducting current pathways throughout
the Y-123 matrix. The observed structural uniformity at this scale
directly supported the improved superconducting transport properties
achieved in the optimized sample [27].

At medium magnification (15,000 x , Fig. 7b), the FESEM micro-
graph reveals the emergence of nanoscale features along grain bound-
aries, indicative of high phase purity and refined microstructural
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connectivity and created multiple effective flux pinning landscapes,
critical for impeding vortex motion. The embedded nano-features
further act as localized pinning centers, minimizing flux creep and sta-
bilizing superconducting currents under applied magnetic fields. The
coexistence of an optimized grain morphology and finely distributed
nanoscale defects at 0.1 wt% Sm3O3 underscored the ideal doping level,
achieving a synergistic balance between phase integrity, vortex immo-
bilization, and enhanced superconducting transport properties [2,5].
Further structural confirmation was obtained through the EDX
elemental mapping of the 0.1 wt% SmyOs3 sample (Fig. 8), which
revealed a uniform distribution of Y, Ba, Cu, and O, along with homo-
geneously incorporated Sm, without evidence of significant clustering.
These results, which were consistent with the XRD analysis (Table 2),
confirmed the successful integration of Sm»03 into the Y-123 lattice. The
absence of phase segregation suggested that the synthesis process had
effectively facilitated the incorporation of SmyOs, ensuring a well-
distributed chemical composition. This optimized microstructure was
crucial for maintaining structural integrity, improving flux pinning ef-
ficiency, and enhancing the overall superconductivity. Fig. 9 illustrates
the relationship between grain size and SmyO3 concentration. At higher
Smy03 concentrations (>5.0 wt%), a significant increase in porosity and
irregular grain morphology was observed. These microstructural
changes led to a less interconnected grain structure, disrupted charge
carrier pathways, and diminished superconducting efficiency. Excessive
Smy03 doping introduced non-uniform grain boundaries, creating weak
links that impeded the coherent superconducting transport. These ob-
servations reaffirmed the detrimental impact of the addition of excessive
amounts of REO on the microstructural stability and superconducting
performance of Y-123 ceramics. Collectively, the results demonstrated
that the MTD method, combined with 0.1 wt% SmyO3 addition, effec-
tively refined the Y-123 microstructure, promoting densification,
intergranular coupling, and enhanced flux pinning. This study high-
lighted the critical importance of precise control over grain morphology
and nanoscale defect structures in achieving high-performance super-
conducting ceramics suitable for advanced technological applications.
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Fig. 6. SEM micrographs (left) and corresponding EDX spectra (right) along with chemical composition of Y-123 samples synthesized with varying concentrations of
Sm,03 addition.
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Table 5
Average grain sizes of bulk Y-123 ceramics synthesized with different Sm503
additions.

Sm;03 Additionwt.% 0.0 0.1 0.3 0.5 1.0 5.0
Average grain Sizes ~6.56 ~814 ~6.55 ~596 ~3.01 ~2.49
(pm) +0.58  +0.65 +0.37 +0.49  +0.11  +0.09

3.3. Superconductive characteristics

3.3.1. Critical current density (J.)analysis

The incorporation of REO elements into the Y-123 superconductor
matrix has been widely demonstrated to enhance vortex stabilization,
significantly improving the J.. This enhancement is primarily attributed
to effective flux pinning, which plays a crucial role in maintaining su-
perconductivity under applied magnetic fields [56,57]. Additionally, the
synthesis method is a key determinant in optimizing superconducting
properties, as it influences grain connectivity, defect distribution, and
secondary phase formation. In this study, SmyO3 was introduced as a
doping element, and its effects on J. were thoroughly investigated using
the MTD method. The dimensions of the samples were prepared as
specified in Section 2.2. Fig. 10 presents the J. values for the pure Y-123
sample and Smy03-added samples at concentrations of 0.1, 0.5, and 5.0
wt%, which were measured as 2.36, 5.62, 1.98, and 1.20 kA/crnz,
respectively.

The addition of 0.1 wt% SmyOs3 resulted in a remarkable enhance-
ment, where the J. of the pure sample more than doubled. This
improvement was attributed to the optimized flux-pinning centers,
which effectively anchored the magnetic vortices without significantly
disrupting the Y-123 matrix. A secondary peak effect was observed in
the J.(B) curves, with J. reaching 1.66 kA/cm? at 0.90 T, suggesting an
additional flux pinning mechanism that was likely related to a localized
oxygen deficiency-induced disorder [11,15,58,59]. Such secondary
peak behavior has similarly been reported in (Sm, Eu, Gd) BayCusO7.s

Fig. 8. Elemental distribution mapping in Y-123 superconductors of the
optimal 0.1 wt% SmyO3-added Y-123 sample.

and (Nd, Eu, Gd) BayCu3O;.5 superconductors by Agarwal et al. and
Miryala et al. [12,60]. In contrast, increasing the SmyO3 content to 0.5
and 5.0 wt% resulted in a decline in the J.. This reduction was attributed
to the excessive formation of larger secondary phase particles, which
acted as ineffective flux-pinning sites, introducing lattice strain, and
disrupting intergranular connectivity, ultimately weakening the super-
conducting pathways. These results were in line with the XRD findings,
which indicated an increased fraction of secondary phases and structural

100nm EMUPM

3 sEM

Fig. 7. (a-c). High-resolution cross-sectional FESEM micrographs of the optimal 0.1 wt% Sm,O3-added Y-123 ceramic sample at different magnifications.
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Fig. 9. Correlation between Sm,03 concentration (0.0-5.0 wt%) and average
grain size in Y-123 ceramics.

distortion at higher SmyO3 concentrations (Table 4).

A comparison with previously reported wet chemical synthesis
methods [2,50] highlighted that the pure Y-123 sample synthesized via
the MTD method exhibited a notably higher J., further emphasizing the
superior microstructural refinement achieved through this route. Fig. 11
illustrates the relationship between the Smy03 concentration (0.0, 0.1,
0.5, and 5.0 wt%) and J., further substantiating that 0.1 wt% was the
optimal doping level for maximizing the J. in Y-123 superconductors
synthesized using the MTD method. The highest J. observed in the 0.1
wt% Sm»0O3 sample was attributed to the formation of nanoscale Sm-123
secondary phase particles, which functioned as efficient vortex pinning
centers, a mechanism corroborated by prior studies [5,55]. At the same
time, there was minimal disruption to the Y-123 matrix, thus ensuring
enhanced flux pinning and improved superconducting pathways.
Conversely, at higher doping levels (0.5 and 5.0 wt%), a decline in J.
was observed, which could be attributed to the formation of larger,
ineffective secondary phase particles and increased lattice strain,
consistent with previous reports [16]. These structural degradations

y T=77TK —=— 0.0 wt%
—e— 0.1 wt%
—a— (0.5 wt%

5.0 wt%

1

- 4 VW N PP,
****** Vo ¥ W W W W e 4
T T T

4 5

T
2

3
Field (T)

Fig. 10. Variation of critical current density (J.) versus applied magnetic field
at 77 K for selected Y-123 samples (pure, 0.1 wt%, 0.5 wt%, and 5.0 wt
% Sm503).
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Fig. 11. Correlation between Sm,03 concentration (0.1, 0.5, and 5.0 wt%) and
critical current density (J.) in Y-123 ceramics.

reduced the vortex pinning efficiency and disrupted the super-
conducting pathways. This behavior was in parallels with the phenom-
ena observed in structural steels, where microstructural coarsening and
grain boundary deterioration resulting from welding or thermal treat-
ments, have been shown to compromise mechanical strength and frac-
ture resistance [61,62]. Similarly, maintaining the fine, stable
microstructural features in the Y-123 ceramics was essential for opti-
mizing flux pinning and preserving high critical current densities. These
results highlighted the critical importance of precise doping control and
microstructural engineering in superconductor optimization, reinforc-
ing that even small deviations in the secondary phase distribution can
have a profound impact on superconductivity.

3.3.2. Electrical resistivity measurements

Fig. 12a and b presents the normalized resistivity of bulk the Y-123
samples with various Sm»03 concentrations (0.0-5.0 wt%) as a function
of temperature. The four-point probe (4 PP) instrument was employed to
measure resistivity across the 30-300 K range [24]. The experimental
setup, illustrated in Fig. 14, consisted of (a) a schematic representation
of the measurement configuration, and (b) a photograph of the sample
holder [29]. In this setup, the current was applied through the outer
probes, and voltage is recorded across the inner probes. The resistance
was calculated according to Ohm’s Law (R=V/I), where V represents
the measured voltage and I the applied current. All the measurements
were conducted using a helium-cooled cryogenic system, while the
samples were gradually heated from their minimum temperature. The T,
was determined from the temperature-resistance profiles. As shown in
Fig. 12a, all the samples exhibited metallic behavior in the normal state
up to Teonset- Notably, except for the 5.0 wt% SmyOs-added sample, all
the other compositions displayed single-step transitions in their re-
sistivity curves, indicating a predominant Y-123 phase formation with
strong intergranular connectivity (Figure, 12b), consistent with the XRD
results and summarized in Table 4 [46]. To further refine the determi-
nation of the T¢.onset and the Tezero, the temperature derivative of re-
sistivity (dp/dT) was evaluated. Fig. 13a displays dp/dT across the full
temperature range (30-300 K), while Fig. 13b highlights the super-
conducting transition region (82-96 K). The T¢.onset Was defined as the
temperature where dp/dT deviated from linearity, indicating the initi-
ation of the superconducting transition, while T¢,ero Was identified as
the temperature at which the resistivity dropped to zero [19].
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Fig. 12. (a) Temperature-dependent normalized resistivity of bulk Y-123 ce-
ramics with varying Sm,03 concentrations (0.0-5.0 wt%); (b) Magnified view
of the superconducting transition region (80-96 K).

Table 6 presents a summary of the critical superconducting param-
eters, including the Tc.onset, Tezero, ATc, and hole concentration p. The
results showed that the MTD technique improved the superconducting
characteristics, particularly for the 0.1 wt% Sm,0O3 sample, which
exhibited the highest Tconset and the narrowest AT.. These improve-
ments were attributed to the enhanced grain connectivity and optimized
oxygen stoichiometry, thus reinforcing the advantages of controlled
incorporation of Smy03 via MTD. A comparative evaluation with pre-
vious studies, such as Ramli et al. (2018) [16], supported these findings
(see Table 6). The influence of the Smy0O3 concentration on the super-
conducting transition temperature is further depicted in Fig. 15. As the
Smy03 content increased, the T onset gradually decreased, with the most
significant broadening of AT, and reduction in T, being observed for the
5.0 wt% SmyOs3 sample. This behavior was consistent with the XRD and
FESEM results, where excessive doping induced a secondary phase for-
mation, increased porosity, and disrupted grain boundary networks. The
elemental mapping results (Fig. 8) confirmed the uniform distribution of
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Fig. 13. (a) Temperature derivative of resistivity (dp/dT) for Y-123 samples
from 30 to 300 K; (b) Zoomed-in view of dp/dT in the superconducting tran-
sition region (82-96 K).

Y, Ba, Cu, O, and Sm in the 0.1 wt% sample, contributing to its enhanced
superconducting behavior. In contrast, higher doping levels promoted
compositional inhomogeneity and a degraded performance. The signif-
icant broadening of the superconducting transition and reduction in
Tezero at higher Smp03 concentrations are attributed to variations in the
hole carrier concentration (P) within the CuO5 planes, which influenced
the charge transport and vortex dynamics [15,16]. The value of p was
calculated using the following equation [2,29]:

"

_ Tc—oﬁ‘sez
T _offser

82.6

(1
P=0.16 — ()]

where, Te'™ represents the maximum Tc.opsec Observed across all the
samples and (P) denotes the hole carrier’s density in the CuO5 planes.
As can be seen in Table 6, the introduction of Sm03 led to a gradual
decrease in P, from 0.160 in the undoped sample to 0.137 in the 5.0 wt%
Smy03 sample. Previous studies emphasized that maintaining an
optimal p value (~0.160 holes per Cu atom) is critical for maximizing
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Fig. 14. (a) Schematic of the four-point probe (4 PP) resistivity measurement setup; (b) Photograph of the experimental sample holder.

Table 6

Critical onset temperature (Tc.onser), Z€r0 resistance temperature (Tc_ero), Superconducting transition width (AT.), and hole concentration (p) of Y-123 ceramics with

Sm,03 addition.

Sm,03 Te-onset (K) + Tegero (K) & AT, (K) + T. M (K) + ATMF-zero () Hole concentrations p Ref.
Addition wt.%
0.0 93.71 90.22 3.49 92.21 1.99 0.160 This work
0.1 92.21 89.25 2.96 91.21 1.96 0.146
0.3 92.21 88.73 3.48 90.72 1.99 0.146
0.5 91.71 88.22 3.49 90.72 2.50 0.144
1.0 91.21 87.23 3.98 90.21 2.98 0.142
5.0 89.72 82.25 7.47 88.73 6.48 0.137
0.0 92 88 4.0 / / / Ramli et al. (2018)
0.2 91 80 4.0 / / /
0.4 90 74 16 / / /
0.6 90 72 18 / / /
0.8 89 74 15 / / /
1.0 88 66 22 / / /
pinning and enhanced grain connectivity, that can compensate for
96

T c-onset (K)
T c-zero (K)

89 7 T T T T T T
20 25 30

80

T T
35 40 45

Sm,0; Concentration (wt.%)

Fig. 15. Dependence of superconducting transition temperatures (Tc.onset and
Te.zero) ON SMy03 concentration in Y-123 ceramics.

the superconducting coherence length and T, [2,50]. Despite the slight
reduction in P, the 0.1 wt% SmyO3 sample exhibited the highest J,
highlighting those structural enhancements, such as improved flux
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minor reductions in electronic carrier density. While an optimal P is
important, microstructural refinement remains equally critical for
achieving superior superconducting properties. These results confirmed
that precise tuning of the SmpO3 concentration via the MTD method
effectively balanced the interplay between microstructure and elec-
tronic transport, establishing 0.1 wt% SmyOs as the optimal doping level
for the maximization of superconducting performance [63,64].

4. Conclusions

In this study, bulk Y-123 ceramics were successfully synthesized with
the additions of various concentrations of Smy03 (0.0-5.0 wt%) using a
novel MTD method. Comprehensive structural and superconducting
characterizations using XRD, FESEM, EDX, SQUID, and 4 PP techniques
yielded the following major findings.

e XRD analysis with Rietveld refinement confirmed that all the sam-
ples retained the orthorhombic Y-123 phase, accompanied by minor
secondary phases such as Y-211 and BaCuOs. Notably, the 0.1 wt% of
Smy03 sample exhibited the formation of a distinct Sm-123 sec-
ondary phase, contributing to enhanced phase stability, higher ox-
ygen content (~6.87), increased crystallite size (~1865 f\), and
reduced lattice strain, factors that collectively an improved phase
formation and superconducting transition sharpness.
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FESEM analysis revealed that the 0.1 wt% SmyOs-added sample
achieved the largest average grain size (~8.14 ym) and the densest
microstructure. At elevated doping levels (>0.5 wt%), increased
porosity, grain boundary disruptions, and deteriorated intergranular
coupling.

High-resolution cross-sectional FESEM imaging (50,000 x ) revealed
zigzag grain morphologies and embedded nano-entities at 0.1 wt% of
Smy03, acting as effective flux pinning centers. The EDX mapping
confirmed a homogeneous elemental distribution and successful Sm
incorporation without clustering.

Electrical and magnetic measurements (4 PP and SQUID) showed
that the 0.1 wt% SmyOs-added sample achieved the highest critical
current density (J. = 5.62 kA/cm? at 77 K), with a Te.onset 0f 92.21 K,
Tezero Of 89.25 K, and a narrow superconducting transition width
(AT, = 2.96 K), reflecting strong flux pinning and minimal weak-link
behavior. Conversely, higher doping levels adversely affected su-
perconductivity due to structural and microstructural degradation.
The MTD method proved to be a simple, scalable, and cost-effective
synthesis route capable of producing high-performance Y-123 ce-
ramics under ambient conditions. Its ability to uniformly incorporate
Sm303 as a flux pinning agent and tailor microstructure highlighted
its potential for the advancing next-generation high-temperature
superconductors.
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