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Abstract: High-temperature superconducting samples of HgBa2Ca2CusOs+ (Hg-1223) were
synthesized via the solid-state reaction method and sintered at 800°C, 825°C, and 850°C
to investigate the effect of sintering temperature on structural, microstructural, and
superconducting properties. X-ray diffraction (XRD) analysis confirmed the formation of
the Hg-1223 phase in all samples, with varying phase purity and lattice parameters. The
sample sintered at 800°C showed the presence of secondary phases and incomplete
crystallization, while higher temperatures improved crystallinity but introduced minor
secondary phases. Scanning electron microscopy (SEM) at 5 um magnification revealed
progressive grain growth, enhanced connectivity, and reduced porosity with increasing
sintering temperature, with the 850°C sample exhibiting the most compact and
homogeneous microstructure. resistivity measurements demonstrated
superconducting transitions with Tc(onset) ranging from 140.6 K to 149.7 K and Te(offset)
from 120K to 129K, with the transition width (AT:) narrowing at intermediate

Electrical

temperatures, reflecting improved structural homogeneity and intergranular
connectivity. The energy gap values remained approximately constant (~0.026-0.034 eV),
confirming the presence of the superconducting phase. Overall, the solid-state reaction
method effectively produces Hg-1223 superconductors, with the 850°C sample providing
the optimal balance of phase formation, microstructural quality, and superconducting
performance, suggesting its suitability for future high-temperature superconducting

applications.

Keywords: Superconducting, Solid State Reaction, Structural Properties, Thermal Properties,
Electrical Properties

1. Introduction

Superconductivity represents a remarkable phenomenon in solid-state physics,
defined by the complete disappearance of electrical resistance in certain materials once
they are cooled below a specific critical temperature (Tc) [1]. Among the various classes of
superconductors, copper-oxide-based (cuprate) compounds have drawn significant
scientific interest, with mercury-containing high-Tc superconductors being particularly
notable for their elevated transition temperatures and outstanding electronic

characteristics [2,3]. The mercury-based compound HgBa:Ca:CusOsw» (Hg-1223) is
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recognized as one of the most promising members of this family, achieving a critical
temperature above 130 K [4,5]. This exceptional property makes it an attractive candidate
for advanced applications, including superconducting power cables, magnetic sensing
devices, and high-performance electronic components [6].

Despite its potential, the synthesis of Hg-1223 is technically challenging due to the
volatility of mercury at elevated temperatures and the complexity of obtaining a stable,
single-phase superconducting structure [7]. Various preparation techniques have been
proposed to address these difficulties. Among them, the Solid State Reaction route remains
one of the most widely used approaches for fabricating bulk superconductors, as it allows
precise stoichiometric control and can produce well-crystallized phases through high-
temperature treatment [8,9].

In the present work, HgBa2Ca:CusOs+ samples were synthesized using the solid-
state reaction method, and the influence of sintering temperature (800°C, 825°C, and
850°C) on their structural and electrical behavior was systematically examined. Structural
analysis was carried out using X-ray diffraction (XRD) to identify the phases and calculate
crystallite sizes, while surface morphology was investigated by scanning electron
microscopy (SEM). Electrical resistivity as a function of temperature was measured to
determine the onset and offset superconducting transition temperatures, as well as the
transition width for each sample.

2. Materials and Methods
2.1. Materials

The HgBa,Ca,Cu3Os+ superconducting compound was synthesized via the solid-
state reaction method using high-purity oxide powders as starting materials. The
precursors included mercury (II) oxide (HgO), barium oxide (BaO), calcium oxide (CaO),
and copper(Il) oxide (CuO), each with a purity of 99.9% and primarily of German origin.
The required stoichiometric proportions for the Hg-1223 phase were determined according
to the reaction equation [10]:

HgO + 2BaO + 2Ca0 + 3CuO — HgBa,Ca,CuzOs+
2.2. Sample preparation methods

The precise masses of each oxide were calculated from their molecular weights and
weighed using a high-precision analytical balance (KERN, 0.0001 g resolution) to ensure
accurate compositional ratios [11].

Initially, all powders were dried at 120°C for two hours in a ceramic boat to remove
any moisture. The weighed oxides were then mixed thoroughly using an agate mortar and
pestle for one hour with the addition of a few drops of isopropyl alcohol (CsHsO) to
minimize powder loss during grinding and to enhance homogeneity. The resulting slurry
was dried at 250°C for one hour to eliminate residual alcohol [12].

The dried, homogenized powder was divided into portions of 2 g each and pressed
into cylindrical pellets of 18 mm diameter using a Specac hydraulic press under an axial
pressure of 7 ton/cm? for one minute [13].

Final sintering was carried out in an electric furnace (KSL-1400X) at three different
temperatures—800°C, 825°C, and 850°C—for 10 hours under ambient atmospheric
pressure, with heating and cooling rates of 5°C/min. This thermal treatment promoted
efficient atomic diffusion, resulting in dense and mechanically stable pellets [14].

The prepared samples were subsequently subjected to structural characterization
using X-ray diffraction (XRD) for phase identification and crystallite size calculation, and
scanning electron microscopy (SEM) for surface morphology analysis, in addition to
electrical resistivity measurements to determine superconducting transition parameters
[15,16].
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3. Results and Discussion
3.1. XRD analysis

X-ray diffraction (XRD) measurements were performed on the HgBa,Ca,CusOgtd
samples prepared via the solid-state reaction method and sintered at 800°C, 825°C, and
850°C. The aim was to investigate the formation of the high-temperature superconducting
phase (Hg-1223) and to identify any secondary phases, including Hg-1201 and CaHgO..
The obtained diffraction patterns exhibited clear variations in phase purity and
crystallographic characteristics depending on the sintering temperature [17,18].

To quantify the proportion of the high-temperature superconducting phase (HTP%),
the intensities of the characteristic peaks of Hg-1223 were compared to the total intensity
of all observed peaks using the following relation [19,20]:

HTP% = 21H9=1225 o 10094 (1)

Ylan phases

where }Ing1223 represents the summed intensity of the main diffraction peaks
corresponding to the Hg-1223 phase, and ) lai piases is the sum of intensities of all detected
peaks in the XRD pattern [21].

Furthermore, the average crystallite size of each sample was calculated using
Scherrer’s equation [22]:

kA
b= B cos@ (2)

where D denotes the crystallite size, k is the shape factor (typically 0.9) [23], A is the
wavelength of the X-ray radiation (1.5406 A for Cu-Ka), § is the full width at half maximum
(FWHM) of the diffraction peak expressed in radians, and 0 is the Bragg angle [24].

Figure 1 displays the X-ray diffraction (XRD) patterns of HgBa:2Ca:CusOs+ samples

prepared via the solid-state reaction method and sintered at 800, 825, and 850°C,
highlighting the effect of sintering temperature on phase purity and structural
characteristics.
For the sample sintered at 800°C, the diffraction pattern exhibits relatively broad and low-
intensity peaks corresponding to the Hg-1223 phase, accompanied by pronounced
reflections from secondary phases such as Hg-1201 (*) and CaHgO, (A). The calculated c-
lattice parameter (15.6635 A) indicates the initial formation of the triple-layer crystal
structure; however, the reduced peak intensity reflects incomplete crystallization. The
high-Tc phase percentage (HTP%) reached 58.05%, with secondary phases accounting for
41.95%, limiting the overall structural quality [25].

At 825°C, the pattern shows a slight improvement in the visibility of Hg-1223
reflections, yet secondary phase peaks remain prominent. The reduced c-lattice parameter
(15.0216 A) and c/a ratio (3.8714) suggest lattice disorder, likely arising from phase
intermixing with Hg-1201 or variations in oxygen distribution. This sample exhibited the
lowest HTP% among the three (55.18%), with the highest fraction of secondary phases
(44.82%), consistent with the observed irregularity in the diffraction pattern.

In contrast, the sample sintered at 850°C presents sharper and more intense Hg-1223
peaks, with a marked decrease in secondary phase intensity, indicating improved
crystallinity and phase purity. The c-lattice parameter (15.5611 A) and c/a ratio (4.0112)
confirm the structural integrity of the triple CuO; layer arrangement. The HTP% reached
57.92%, while secondary phases were reduced to 42.08%.

Overall, among the investigated temperatures, 850°C yielded the highest structural
quality for samples prepared via the solid-state reaction, producing a well-developed Hg-
1223 phase with significantly suppressed impurity phases compared to lower sintering
temperatures.
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Figure 1. X-ray diffraction patterns of HgBa>Ca2CusOs+ specimens synthesized via the
solid-state reaction route and sintered at 800, 825, and 850°C, highlighting the principal
Hg-1223 phase (H) along with the secondary phases Hg-1201 (*) and CaHgO- (A).

3.2. Lattice Parameters, Phase Percentages, and Density

The calculated lattice constants, unit cell volumes, molar masses, theoretical
densities, and phase volume fractions for the prepared samples are presented in the table
below. Based on the XRD results, the sample sintered at 800°C exhibited the highest
crystallographic quality and phase purity, indicating that this temperature is the most
suitable for obtaining a well-crystallized Hg-1223 phase using the solid-state reaction
method [26].

Table 1. Values of lattice constants a, b, ¢, unit cell volume V, c¢/a ratio, unit cell mass W,
theoretical density gm, and phase volume fraction for the HgBa2Ca2Cu3Os+> compound.
TCo) | ad) | bA) | cA) | VA) | ca |w(g/mole)p,(g/em®)| HIP % | LTP %
800 3.8585 | 3.8837 | 15.6635|234.725 | 4.0595 | 874.033 6.1824 58.05% | 41.95%
825 3.8536 | 3.9067 | 15.0216|226.149 | 3.8714 | 874.033 6.4168 55.18% | 44.82%
850 3.8389 | 3.9199 | 15.5611|234.165 | 4.0112 | 874.033 6.1972 57.92% | 42.08%

3.3. SEM Analysis

The surface morphology of the HgBa>Ca2CusOs+ samples sintered at 800°C, 825°C,
and 850°C was examined using Scanning Electron Microscopy (SEM). Images were
captured at a magnification of 5 um, enabling precise evaluation of grain size, distribution,
and surface texture developed through the solid-state reaction synthesis route.

3.3.1. Sample Sintered at 800°C

As presented in Figure 2, the SEM micrograph of the solid-state reaction sample
sintered at 800°C exhibits irregularly shaped grains with noticeable variation in size,
ranging from the nanometric scale to small micrometric dimensions. The grains are loosely
packed, with clear intergranular voids and pores distributed across the surface, indicating
incomplete densification at this sintering stage. Such porosity is typical when the sintering
temperature is insufficient to achieve full grain coalescence in solid-state synthesized
materials.

Despite the absence of visible cracks or severe surface fractures, the microstructure
reveals a relatively high porosity and weak grain connectivity, both of which can adversely
affect the electrical and mechanical performance. The observed features suggest that 800°C
is below the optimal temperature required for effective densification, and that further
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thermal treatment is expected to enhance grain growth, reduce porosity, and improve the
overall structural compactness in subsequent samples processed at higher temperatures
(825°C and 850°C) [27].
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Figure 2. SEM image of the sample sintered at 800°C (magnification: 5 um)

3.3.2. Sample Sintered at 825°C

As shown in Figure 3, the SEM image of the sample sintered at 825°C reveals
significant changes in surface morphology compared to the 800°C specimen. The grains
exhibit more defined boundaries and a tendency toward partial regularity in shape,
accompanied by noticeable growth in size. Grain connectivity is improved, with several
grains forming denser and more coherent clusters, indicating the onset of active sintering.
A visible reduction in micro-porosity is observed, as voids between grains appear smaller
and more scattered, suggesting progressive consolidation of the structure.

While certain regions display a more homogeneous texture, localized
agglomerations of incompletely bonded grains remain, showing that full densification has
not yet been achieved. Nonetheless, the sample demonstrates enhanced surface density,
reduced porosity, and improved structural stability, with no evidence of major cracks or
surface defects, reflecting uniform thermal distribution during sintering [28].
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Figure 3. SEM image of the sample sintered at 825°C (magnification: 5 pum)

3.3.3. Sample Sintered at 850°C

As illustrated in Figure 4, the SEM image of the sample sintered at 850°C reveals a
marked increase in grain size and improved uniformity compared to the specimens
sintered at 800°C and 825°C. The surface morphology is denser and more consolidated,
with a substantial reduction in porosity. Grain boundaries are well-defined yet
interconnected, reflecting partial completion of the sintering process and enhanced atomic
diffusion [29].
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Some grains exhibit full fusion, forming semi-coherent crystalline regions that
indicate advanced sintering and structural stability. No noticeable cracks or surface defects
are present. Overall, this sample demonstrates the highest degree of densification and
grain connectivity, suggesting that 850°C is the most effective temperature for achieving a
stable and compact microstructure in HgBa:Ca:CusOs+ prepared via the solid-state
reaction method.

g HV ag WD spot | det
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Figure 4. SEM image of the sample sintered at 850°C (magnification: 5 um)

3.3.4. Summary

Overall, the SEM analysis demonstrates a progressive improvement in grain
connectivity, size uniformity, and surface density with increasing sintering temperature.
The images captured at 5pum magnification effectively illustrate the microstructural
evolution, confirming the efficiency of the sol-gel method in producing high-quality
superconducting ceramics [30].

3.4. Electrical Resistivity Analysis

The temperature-dependent electrical resistivity (p-T) of the HgBa:Ca2CusOs+
samples prepared via the solid-state reaction method and sintered at 800°C, 825°C, and
850°C was investigated to evaluate the superconducting transition and phase
homogeneity.

For the sample sintered at 800°C, the resistivity began to decrease at Tc(onseny = 140.6 K
and reached zero at Tc(itsen = 120.0 K, yielding a transition width AT.=20.6 K and an energy
gap of approximately A = 0.026 eV. The relatively broad transition suggests partial
formation of the superconducting phase, incomplete grain connectivity, and possible
inhomogeneity in oxygen distribution, consistent with the XRD and SEM observations of
incomplete sintering and high porosity [31].

Increasing the sintering temperature to 825°C resulted in an improved
superconducting behavior, with Teonsety = 149.7 K, Teoftsety = 127.0 K, and AT. = 22.7 K. The
sharper transition indicates enhanced structural homogeneity, better grain connectivity,
and more uniform crystallite growth, reflecting the positive effect of additional thermal
energy on sintering and phase formation. The resistivity curve shows a steeper drop,
confirming more effective superconducting pathways compared to the 800°C sample [32].

At 850°C, the sample exhibited Tc(onsety = 149.0 K, Tc(oftsey = 129.0 K, and AT =20.0 K,
with an energy gap of A = 0.034 eV. Despite the high Tc values, the transition remains
relatively wide due to partial degradation or minor formation of secondary phases at this
elevated sintering temperature. Nonetheless, the microstructure, as revealed by SEM,
shows improved grain fusion and reduced porosity, which enhance intergranular
connectivity and the overall superconducting performance. The resistivity curve indicates
a more homogeneous transition, suggesting that 850°C represents an advanced stage of
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sintering suitable for achieving a well-connected and nearly uniform superconducting
phase [33].
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Figure 5. Temperature-dependent resistivity curves for HgBa2Ca2Cu308+d
samples sintered at 800, 825, and 850°C.

In summary, the electrical measurements demonstrate a clear improvement in
superconducting properties with increasing sintering temperature. Among the three
samples, the one sintered at 850°C exhibits the most favorable balance between transition
sharpness, phase homogeneity, and grain connectivity, making it the optimal condition
within the studied temperature range.

Table 2. Critical temperatures and energy gap values for HgBa2Ca2Cu308+d
samples prepared via the solid-state reaction method at various sintering temperatures.

Sample Temp (‘C) | Teconsety (K) | Tecottset) (K) | ATc (K) | Energy Gap (eV)
800 144 127.0 20.6 ~0.026
825 149.7 127.0 22.7 ~0.026
850 149.0 129.0 20.0 ~0.034

Summary and Analysis

The results summarized in Table 2 highlight the influence of sintering temperature
on the superconducting properties of HgBa2Ca2Cu308+0 samples prepared via the solid-
state reaction method. The onset critical temperature (Tc(onset)) shows a gradual increase
from 140.6 K at 800°C to 149.7 K at 825°C, and reaches 149.0 K at 850°C, indicating that the
superconducting phase begins to form at progressively higher temperatures as thermal
energy enhances atomic diffusion and promotes crystallization [34].

The offset temperature (Tc(offset)) also increases with sintering temperature, from
120.0 K at 800°C to 127.0 K at 825°C, and 129.0 K at 850°C, while the transition width (ATc)
varies between 20.6 K and 22.7 K, reflecting differences in structural homogeneity and
grain connectivity. The sample prepared at 825°C exhibits the most balanced combination
of onset temperature, transition sharpness, and structural uniformity, suggesting that this
sintering temperature provides optimal conditions for grain growth and superconducting
phase formation [35].

The energy gap (A) remains relatively constant (= 0.026-0.034 eV), confirming the
presence of the superconducting phase in all samples. However, the slightly broader
transition observed in the 850°C sample points to partial structural instability or the
formation of minor secondary phases at this higher temperature. Overall, the data indicate
that increasing the sintering temperature enhances the superconducting behaviour by
improving crystallinity and intergranular connectivity, with 825°C representing a
favorable compromise between phase purity, microstructural uniformity, and
superconducting performance [36,37].
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4. Conclusion

In this study, superconducting samples of HgBa2Ca2Cu308+d (Hg-1223) were
successfully prepared using the solid-state reaction method and sintered at 800°C, 825°C,
and 850°C. Comprehensive structural, microstructural, and electrical characterizations
were conducted to investigate the impact of sintering temperature on phase formation,
grain morphology, and superconducting properties.

XRD analysis confirmed the presence of the Hg-1223 phase in all samples, with
varying phase fractions depending on the sintering temperature. The sample sintered at
800°C exhibited the formation of the superconducting phase but with relatively low phase
purity and higher content of secondary phases. Increasing the sintering temperature to
825°C and 850°C improved grain crystallinity and structural ordering; however, the
appearance of minor secondary phases at higher temperatures indicates partial structural
instability. Variations in lattice parameters and unit cell volumes reflected subtle changes
in the crystal structure induced by temperature.

SEM observations at 5 um magnification revealed progressive grain growth, reduced
porosity, and enhanced connectivity between grains with increasing sintering
temperature. The sample sintered at 850°C displayed the most compact and homogeneous
microstructure, indicating advanced sintering and improved structural coherence.

Electrical resistivity measurements demonstrated that all samples exhibited
superconducting transitions, with Tc(onset) increasing from 140.6 K to 149.7 K as the
sintering temperature rose. The transition width (ATc) and uniformity improved at 825°C,
while the sample sintered at 850°C showed a slightly broader transition due to partial
formation of secondary phases, despite higher Tc(offset) and energy gap values.

Overall, the results indicate that the solid-state reaction method effectively produces
Hg-1223 superconducting samples, with sintering at 825-850°C providing the best
compromise between phase formation, microstructural quality, and superconducting
performance. These findings offer valuable guidance for optimizing processing conditions
and further development of Hg-1223-based high-temperature superconductors.
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