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This research investigates the substitution of conventional lead oxide with a lead oxide-silica vitreous 

composite in the fabrication of Bi2223 superconducting materials. The traditional Bi1.6Pb0.4Sr2Ca2Cu2O10+x 
formulation relies heavily on lead oxide to optimize phase formation and enhance superconducting 

properties. However, environmental and health concerns associated with lead oxide necessitate the 

development of alternative approaches. In this work, a 1:1 molar ratio of SiO2-PbO-based glassy matrix 
was employed as a partial replacement for pure PbO, maintaining 0.4 mole equivalents to achieve the target 

superconductor stoichiometry. The synthesized samples were characterized through X-ray diffraction 

analysis, scanning electron microscopy, and differential thermal analysis to evaluate structural 
characteristics and phase purity. Superconducting performance was assessed by measuring critical 

temperature and critical current density. Experimental results demonstrate that incorporation of the PbO–

SiO₂ vitreous composite increases the Bi2223 phase fraction from 76.8% (conventional PbO) to 89.7%, 
while enhancing the critical temperature (Tc) by ~2.3 K. This suggests improved phase purity and 

superconducting performance, attributable to controlled Pb release and enhanced microstructural 

alignment. This lead-silica frit system presents notable benefits—such as lower toxicity and the flexibility 
to integrate functional additives like flux enhancers and mechanically stable layered structures—offering 

a more cost-effective and eco-friendly route for HTS synthesis. 
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1. INTRODUCTION 
High-temperature superconductors (HTS), 

particularly Bi-based cuprates, have enabled 

transformative applications. Among the various HTS 

materials, the Bi-Sr-Ca-Cu-O (BSCCO) system, 

particularly the Bi₂Sr₂Ca₂Cu₃O₁₀₊δ (Bi2223) phase, has 

garnered significant attention due to its relatively high 

critical temperature (Tc ≈ 110 K) and potential for 

practical applications in power transmission, magnetic 

resonance imaging, and magnetic levitation systems 

(Sumitomo Electric Industries, 2025; Tomita et al., 2011; 

Tsukamoto et al., 2005; Yao et al., 2021 ). 

The conventional fabrication process of Bi2223 

superconductors typically involves the use of lead oxide 

(PbO) as a key component in the precursor powder 

mixture. PbO serves multiple crucial functions in the 

synthesis process, including acting as a fluxing agent that 

facilitates the formation of liquid phases at elevated 

temperatures, promoting grain alignment, and enhancing 

the texturing of the superconducting grains (Sumitomo 
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Electric Industries, 2025; Tomita et al., 2011). However, 

the use of PbO presents several challenges, including 

environmental concerns due to lead toxicity, health 

hazards associated with lead exposure during processing, 

and the tendency for PbO to evaporate at high processing 

temperatures, leading to compositional inhomogeneity 

and reduced phase purity (American Superconductor 

Corporation (AMSC); Kharissova et al., 2014; Koohani 

et al., 2025; Hayashi et al., 2020). 

In recent years, significant research efforts have been 

directed toward developing lead-free or reduced-lead 

alternatives for HTS fabrication. Various approaches 

have been explored, including the complete elimination 

of lead through modified processing routes and the partial 

substitution of PbO with other oxide systems. Among 

these alternatives, lead oxide-silica (PbO-SiO₂) vitreous 

composites have emerged as promising candidates due to 

their unique properties. These composites combine the 

beneficial fluxing characteristics of PbO with the thermal 

stability and reduced volatility provided by the silica 

matrix. 

The incorporation of silica into PbO-based systems 

offers several advantages. Silica acts as a viscosity 

modifier, potentially reducing PbO evaporation by 

increasing the melting point and viscosity of the fluxing 

medium. Additionally, the vitreous nature of PbO-SiO₂ 

composites can provide better chemical stability and 

controlled release of PbO during the sintering process. 

Studies on glass-ceramic systems have demonstrated that 

PbO-SiO₂ composites can maintain effective fluxing 

properties while exhibiting improved thermal and 

chemical stability compared to pure PbO. 

The potential benefits of substituting conventional 

PbO with PbO-SiO₂ vitreous composites in Bi2223 

fabrication include: (1) reduced lead volatility and 

associated environmental/health risks, (2) improved 

compositional control during processing, (3) enhanced 

microstructural development through modified liquid-

phase sintering mechanisms, and (4) potential for lower 

processing temperatures or shorter processing times 

(Herrera et al., 2004; 2002; 2002). 

However, the effectiveness of such substitution 

depends on various factors, including the composition of 

the vitreous composite, processing parameters, and the 

specific requirements of the Bi2223 formation 

mechanism. 

Despite the theoretical advantages and preliminary 

studies on related systems, a systematic investigation of 

PbO-SiO₂ vitreous composite substitution in Bi2223 

fabrication remains lacking in the literature. The complex 

interplay between the modified fluxing behavior, phase 

formation kinetics, and superconducting properties 

requires comprehensive analysis to determine the 

feasibility and optimization parameters for this approach. 

This study aims to investigate the systematic 

substitution of conventional PbO with PbO-SiO₂ vitreous 

composites in the fabrication of Bi2223 superconductors. 

The research will evaluate the effects of different 

composite compositions on phase formation, 

microstructural development, and superconducting 

properties, providing insights into the potential for 

developing more environmentally sustainable processing 

routes for high-temperature superconductors. 

2. MATERIALS AND METHODS  

2.1. Preparation of PbO-SiO₂ Vitreous Composite 

The PbO-SiO₂ vitreous composite was synthesized 

through a conventional melt-quenching technique. High-

purity PbO (Merck, CAS No 1317-36-8) and SiO₂ 

(Merck, CAS No 7631-86-9) powders were weighed 

according to stoichiometric calculations to achieve a 79 

Wt.% PbO - 21 Wt.% SiO₂ composition (Eq. 1). The 

mixed powders were thoroughly homogenized using an 

agate mortar and pestle for 30 minutes to ensure uniform 

distribution. 

 

(1) 

The homogenized mixture was placed in an alumina 

crucible and heated in a muffle furnace at 500°C for one 

hour, as determined by preliminary dilatometry analysis 

(Figure 1), to remove any residual moisture and initiate 

the melting process. The temperature was then rapidly 

increased to 900°C and maintained for 30 minutes to 

ensure complete melting and homogenization of the 

components.  

The molten mixture was subsequently quenched by 

pouring onto a preheated stainless-steel plate and 

subjected to rapid cooling to ambient temperature to form 

a glassy material. The resulting glass was ground using 

an agate mortar and sieved to obtain particles with sizes 

less than 10 μm for subsequent use as an additive. 

 

Figure 1. Dilatometry analysis of PbO-SiO₂ mixture during 

heating cycle 

The amorphous nature of the prepared composite was 

confirmed through X-ray diffraction (XRD) analysis 

using Cu-Kα radiation (Figure 2), which showed the 

characteristic broad halo pattern indicative of glass 

formation without any detectable crystalline phases. 
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Figure 2. X-ray diffraction pattern confirming the amorphous 

nature of the prepared PbO-SiO₂ vitreous composite. 

The 1:1 molar (≈79 wt.% PbO–21 wt.% SiO₂) 

composition lies in the metastable glass-forming region, 

where the eutectic-like behavior lowers the liquidus 

temperature (~720 °C vs. >850 °C for pure PbO 

evaporation onset). 

The glassy matrix suppresses PbO volatilization by 

increasing melt viscosity and forming a transient Pb2SiO4 

rich phase, which acts as a Pb reservoir during Bi2223 

nucleation (~820–840 °C). 

A schematic phase-reaction pathway (Figure 3) 

illustrates PbO–SiO₂ → Pb2SiO4 → PbO (controlled 

release) → Bi2223 formation. 

 

Figure 3. The PbO–SiO₂ binary phase diagram  

2.2. Superconductor Sample Preparation 

To evaluate the effectiveness of the PbO-SiO₂ 

vitreous composite as a substitute for conventional PbO 

in Bi2223 superconductor fabrication, three different 

sample compositions were prepared: 

1. Reference sample (Sample A): 

Bi2Sr₂Ca₂Cu₃O₁₀₊δ without any additional 

additives 

2. Conventional sample (Sample B):  

Bi₁.6Pb₀.4Sr₂Ca₂Cu₃O₁₀₊δ with PbO additive 

3. Experimental sample (Sample C): 

Bi₁.6(Pb, Si)₀.4Sr₂Ca₂Cu₃O₁₀₊δ with PbO-SiO₂ 

vitreous composite additive 

For all samples, the required high-purity powders of 

Bi2O3 (Sigma-Aldrich, CAS No 1304-76-3), PbO 

(Merck, CAS No 1317-36-8), SrCO3 (Sigma-Aldrich, 

CAS No 1633-05-2), CaCO3 (Merck, CAS No 471-34-

1), and CuO (Merck, CAS No 1317-38-0) were weighed 

stoichiometrically according to the target composition 

Bi₁.6Pb₀.4Sr₂Ca₂Cu₃O₁₀₊δ.  

The raw materials were mixed thoroughly with their 

respective additive materials (either PbO or PbO-SiO₂ 

vitreous composite) in a polyethylene jar mill using 

zirconia balls and isopropanol as the milling medium. 

The milling process was conducted for 24 hours at 150 

rpm to ensure homogeneous mixing and particle size 

reduction. 

Following milling, the slurries were dried at 80°C for 

12 hours to remove the isopropanol solvent. The dried 

powders were uniaxially pressed under equal pressure 

using a hydraulic press to form pellets with dimensions 

of 10 mm diameter and 2 mm thickness. All samples were 

subjected to identical pressing conditions to ensure 

comparability. 

The pressed pellets were calcined at 820°C for 48 

hours in air to promote the formation of the desired 

Bi2223 phase. After calcination, the samples were 

ground into fine powders using an agate mortar and 

pestle. Each sample was remixed in a laboratory jar mill 

for 4 hours to ensure uniform distribution of the 

additives. 

The final powder mixtures were pressed again under 

identical conditions (200 MPa) to form pellets for 

sintering. To improve phase formation and densification, 

the pellets underwent two intermediate regrinding and 

repressing steps at 60 and 100 hours during their 140-

hour sinting process in an air atmosphere at 839°C 

(Abdelhaleem et al., 2025; Abdullah et al., 2023; Garnier 

et al., 2001; Guilmeau et al., 2002; Kameli, 2006; Khaidir 

et al., 2025; Laliena et al., 2018; Polaseki, 2004; Taib et 

al., 2009; Verma et al., 2012; YangHao et al., 2023; 

Yavuz et al., 1998; ZhangShengnan et al., 2020).  

3. RESULTS AND DISCUSSION 

The Bi2223 superconductor is composed of 

alternating layers of BiO, Bi2O2, and CuO2, with its 

superconducting properties originating from the CuO2 

layers. The addition of various additives can influence 

the crystal structure and superconducting characteristics 

of the material. Initially, to compare the effects of the 

mentioned additives, X-ray analysis was performed on all 

samples. 

The crystalline phases present in all samples were 

identified using X-ray diffraction (XRD) analysis with 

Cu-Kα radiation (λ = 1.5418 Å) at room temperature. The 

diffraction patterns were recorded in the 2θ range of 10° 

to 60° with a step size of 0.02° and counting time of 1 

second per step. 

Based on the X-ray analysis presented in Figure 3, only 

two phases, Bi2223 and Bi2212, were identified. 
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Therefore, calculations will proceed according to Eq. 2 

as follows: 

Bi[22(22(x − 1)x] (%) =
Ʃ[IBi22(x−1)x]

ƩIBi2223+ƩIBi2212+ƩIBi2201
 × 100 (2) 

Based on Figure 4 and calculations using the Scherrer 

formula (Eq. 2), the relative percentages of different 

phases in the presented peaks can be determined  

(Table 1) (Koohani et al., 2025). 

 

Figure 4. X-ray diffraction pattern confirming the various 

samples 

Table 1. Different types of bi-based superconductor material 

phase ratios in samples. 

Sample No A B C 

Bi2223 (%) 73.5 76.8 89.7 

Bi2212 (%) 26.5 23.2 10.3 

The analysis of X-ray results and calculated 

percentages indicates that the addition of vitreous 

composite not only increases the percentage of the 

Bi2223 phase but also leads to peak sharpness, which 

consequently promotes the growth of crystallite sizes. To 

further examine the outcomes derived from the X-ray 

analysis, the samples were studied using an electron 

microscope, and the findings are as follows: 

The microstructural characteristics and phase 

distribution were examined using scanning electron 

microscopy (SEM) equipped with a particle distribution 

map for elemental analysis.  

The samples were mounted in epoxy resin, polished 

using standard metallographic procedures, and carbon-

coated prior to SEM examination (Obst et al., 2003; Popa 

et al., 2000; Singh et al., 2012). 

Based on the results of the electron microscopy 

presented in Figure 5 and the particle distribution map, it 

is evident that the additive particles are well distributed 

across all samples.  

The superconducting particles predominantly exhibit 

a layered morphology, which is the dominant structural 

orientation. This layered orientation is notably more 

pronounced in the sample containing vitreous composite 

compared to other samples.  

Finally, as shown in Figure 6, magnetic susceptibility 

analysis was conducted for all samples. The results 

indicate a favorable transition in the sample containing 

vitreous composite (Gömöry et al., 1997; Kang et al., 

2011; Klepikova et al., 2021; Müller et al., 1991). 

 

 

 

Figure 5. Scanning electron microscopy (SEM) pictures with a 

particle distribution map for elemental analysis. 
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Figure 6. Magnetic susceptibility analysis was conducted for 

all samples. 

4. CONCLUSION(S) 

This study successfully demonstrates the feasibility 

of substituting conventional lead oxide with a lead oxide-

silica vitreous composite in the fabrication of Bi2223 

high-temperature superconductors. By incorporating a 

1:1 molar ratio SiO₂-PbO glassy matrix while 

maintaining the stoichiometric Pb content of 0.4 moles, 

the formation of the desired Bi2223 phase was effectively 

promoted, as confirmed by X-ray diffraction, scanning 

electron microscopy, and differential thermal analysis. 

Notably, samples prepared with the vitreous composite 

exhibited an enhanced critical temperature (Tc) compared 

to those synthesized using pure PbO, indicating improved 

superconducting properties. The homogeneous 

dispersion of Pb provided by the glassy matrix likely 

facilitates better phase development and microstructural 

uniformity. Importantly, this approach significantly 

reduces the environmental and health hazards associated 

with handling toxic PbO powders, offering a safer and 

more sustainable processing route. Furthermore, the 

versatility of the glassy system allows for the potential 

integration of functional additives to improve flux 

pinning and mechanical integrity. Collectively, the PbO–

SiO₂ vitreous composite emerges as a compelling 

alternative to conventional PbO—simultaneously 

enhancing superconducting performance, improving 

process safety, and aligning with green manufacturing 

principles. This strategy not only mitigates lead-related 

environmental and health risks but also opens avenues for 

multifunctional additive integration, thus advancing the 

scalability and sustainability of Bi2223 superconductor 

production. 

Future work will systematically vary the PbO:SiO₂ 

ratio (60:40 to 90:10) to identify the optimum window 

for Bi2223 phase yield and Tc. 
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