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ABSTRACT
In this study, we explored the potential of irradiation techniques to optimize defect concentration 
and crystal structure in (Bi,Pb)₂Sr₂Ca₂Cu₃O₁₀ (Bi-2223) superconductors, aiming to enhance their 
practicality by potentially improving their critical temperature (Tc) in high magnetic fields. Bi-2223 
superconductors have higher Tc and less stringent cooling requirements than low-temperature types, 
yet enhancing Tc under high magnetic fields is still challenging. The study meticulously compared 
the electrical properties of Bi-2223 samples in bulk form, subjected individually to electron, gamma, 
and neutron irradiations, prepared via the conventional solid-state reaction method. Subsequent 
analyses of structural properties through X-ray diffraction revealed changes in cell lattice parameters, 
while electrical resistance and AC susceptibility measurements provided insights into the critical 
temperature. Interestingly, a significant decrease in Tc was observed across all irradiated samples 
instead of an enhancement, challenging our initial hypothesis. Electron and gamma irradiations 
led to more homogeneously distributed and less porous defects compared to neutron irradiation, 
which correlated with the observed decrease in Tc—22.9% for neutron, 16.7% for gamma, and 

13.5% for electron irradiation. These results 
highlight the intricate relationship between 
the type and distribution of defects induced 
by different irradiations and their varying 
impacts on superconductor performance. This 
study illustrates how defects, based on their 
characteristics, distinctly affect superconducting 
properties, emphasizing the complexity of 
defect interactions in superconductors. Our 
findings highlight the crucial relationship 
between irradiation-induced defects and the 
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superconducting properties of Bi-2223, suggesting that the impact of Tc reduction on high-
temperature superconductor applications needs to be reevaluated.

Keywords: BSCCO-2223, energy, irradiation impact, superconducting properties 

INTRODUCTION

There has been a rising interest in conduction-cooled high-temperature superconducting 
(HTS) magnets for research and industrial purposes, considering their advantages 
over the traditional low-temperature superconducting magnets requiring liquid helium 
(Braginski, 2019; Buckel & Kleiner, 2012; Fallah-Arani et al., 2019). This system mainly 
consists of three phases with the general formula Bi2Sr2CanCunO2n+4+y where n = 1, 2 
and 3, considering the number of CuO2 layers in the sub-unit cell, respectively. Different 
methods of preparation, as well as the structural and superconducting properties, have 
been extensively reported (Amira et al., 2011; Farbod et al., 2016; Hannachi et al., 2018; 
Salleh et al., 2005; Xu et al., 2010;). Notably, the Bi-2223 phase is preferable due to its 
highest critical temperature, Tc (∼110 K), compared to Bi-2201 (∼20 K) and Bi-2212 (∼90 
K) (Nurbaisyatul et al., 2021). Several techniques have been employed for bulk ceramic 
superconductor processing, including co-precipitation (Zhang et al., 2021), sol-gel process 
(Shen et al., 2021), freeze-drying (Jin et al., 2021), and solid-state reaction (Juárez -Lopez 
et al., 2020). 

The solid-state reaction presents a straightforward and cost-effective method. In this 
study, Bi1.6Pb0.4Sr2Ca2Cu3O10 (Bi-2223) powders were produced via the solid-state reaction 
method. The distinctiveness of Bi-2223 lies in the added Pb, which enhances phase 
diffusion, accelerates reaction kinetics, creates nucleation centers, and stabilizes the Bi-
2223 phase (Anis-ur-Rehman & Mubeen, 2012). In BSCCO systems, lead (Pb) significantly 
influences the microstructure, phase composition, and superconducting properties. The 
presence of Pb in the initial mixture promotes the formation of the Bi(Pb)-2223 phase. 
However, achieving a pure Bi(Pb)-2223 phase is nearly impossible, as it typically coexists 
with the Bi(Pb)-2212 phase (Nurbaisyatul et al., 2021). Furthermore, Pb promotes grain 
growth and improves grain connectivity, leading to an improved transport current density, 
Jc, especially at low fields with a 5 wt% Pb addition (Wang et al., 2010). Also, it induces 
lattice dislocations within the grains, enhancing the pinning force. It, in turn, leads to an 
improvement in the critical current density (Jc) (Camargo-Martínez & Baquero, 2016; Lin 
et al., 2016; Takahira et al., 2015). High critical temperature in superconductors plays a 
vital role in specific applications such as MRI machines, particle accelerators, and energy-
efficient technologies.

Before the discovery of high-temperature superconductors, the idea of superconducting 
cables existed, but the challenge of long-distance cooling with liquid helium made practical 
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applications difficult. The advent of high-temperature superconducting cables, cooled with 
liquid nitrogen, transformed these ideas into feasible solutions. Significant progress has been 
made in commercializing DI-BSCCO wires, leading to their use in practical applications 
such as current leads (Hayashi, 2020).

Artificial defects introduced by energetic particle irradiation can improve the critical 
current in high-temperature superconductors (HTS). Energetic particles, including light ions 
like protons, deuterium, helium, heavy ions, and high-energy neutrons, create displacement 
defects, cascades, and voids. These changes affect the vortex patterns in the superconducting 
material, enhancing its performance (Rajput et al., 2022). Thus, it is an efficient method 
to introduce pinning centers—the elastic collisions between the accelerated particles on 
the bulk’s surface yield many defects. In the Bi-Sr-Ca-Cu-O system, the highly mobile 
oxygen atoms can be displaced from their ideal locations when impacted by the energy 
from incident neutrons. These oxygen atom movements generate numerous vacancies and 
interstitial oxygen atoms (Kitô et al., 2001; Zhang et al., 2007). 

The ability of neutrons to penetrate the specimen bulk creates uniformly distributed 
defects, where the energy spectrum of the fast neutrons is broadened by scattering 
and resembles the high energy part of the neutron spectrum in the TRIGA MARK II 
research reactor, thereby enabling the irradiation of microscopic specimens for further 
experimentations (Fischer et al., 2018; Karkin et al., 2009). This research explores the 
effects of electron, gamma, and neutron irradiation on the superconducting properties and 
microstructure of Bi-2223 superconductor bulk samples. Also, it seeks to investigate whether 
irradiation can improve the superconducting properties by increasing the concentration 
of defects in the microstructure. However, Sakurai et al. (2024) notes that increasing the 
volume fraction of the amorphous regions can lead to a loss of superconducting properties, 
which may outweigh the benefits provided by the pinning centers.

Understanding the connection between irradiation and the material's properties is 
crucial for gaining valuable insights into the underlying mechanisms driving these changes. 
In previous research, compression tests on samples demonstrated that the mechanical 
properties of Bi-2212 superconductor ceramics, such as porosity, are influenced by varying 
doses of electron irradiation (Mohiju et al., 2015). The microstructure of irradiated samples, 
characterized by higher grain orientation and porosity, leads to weaker interface bonding 
between superconducting grains. Generally, the strength of these samples diminishes 
with exposure to irradiation, resulting in deformation. Despite this, the formation of point 
defects within the microstructure, while increasing, enhances the critical current density 
and transition temperature of the samples (Bi-2212) (Mohiju et al., 2017). Enhancing high-
temperature superconductors (HTS) typically requires increasing the complexity of their 
material composition and microstructure. It is often achieved by introducing defects called 
artificial pinning centers (APCs). However, this method can clash with efforts to develop 
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mature, cost-effective mass-production technologies. Interestingly, a notable technique has 
shown that using dominant pinning centers can maintain the stability of current commercial 
production without complicating the superconductor's chemistry (Molodyk et al., 2021). 
In addition, a higher critical current density indicates better flux pinning properties in the 
sample with additional metal compounds. Studying Bi-2223 can uncover its mysteries, 
boost its performance, and better understand how superconductors work.

METHODOLOGY

Samples Fabrication

The Bi-2223 superconductor samples were prepared using the conventional solid-state 
reaction technique. The desired compound, Bi1.6Pb0.4Sr2Ca2Cu3O10, necessitated precise 
proportions of Bi2O3, PbO, SrCO3, CaCO3, and CuO with purity of 99%. The first stage 
requires mixing Bi2O3, PbO, SrCO3, CaCO3, and CuO powders in the proportions needed 
for the desired composition. The powders were ground, mixed and then heated in a tube 
furnace at 810°C for 30 h. This step helped to catalyze the formation of the Bi-2223 phase.

The resultant powders, predominantly Bi-2223 phase, were compacted under a pressure 
of 7 tonnes to form pellets, each measuring 13 mm in diameter and 3 mm in thickness. 
Replicating the conditions of the original heat treatment, the bulk samples were heated 
at 850 °C for 48 h. The samples were cooled in the furnace down to room temperature in 
a controlled manner, enabling the material to solidify and maintain favorable properties. 
The bulk Bi-2223 samples, including structural, electrical resistance and AC susceptibility, 
were characterized to evaluate their superconducting attributes and performance.

Irradiation Procedure

The electron irradiation process involved using a 3 MeV beam with a current rating of 
10 mA. This procedure was executed utilizing the EPS-3000 electron-beam accelerator. 
The gamma irradiation was performed at the SINAGAMA Irradiation Plant. This plant 
employs ionizing energy derived from gamma radiation from a cobalt-60 source. The 
irradiation operations were performed at the Nuclear Malaysia Agency in Bangi, Selangor, 
Malaysia. The Bi-2223 superconductor bulk samples were subjected to a cumulative dose 
of 100 kGray in both the electron and gamma irradiation procedures under an open-air 
environment. Neutron irradiation was carried out with the aid of the PUSPATI TRIGA 
MARK II research reactor at the Nuclear Malaysia Agency. 

Before irradiation, all the necessary procedures were made, including constructing 
an aluminum holder for the samples and applying protective coverings using aluminum 
sheets and boron carbide powder. Forecasts were made to predict the activation of elements 
after the irradiation process. A neutron flux of 2.0 × 1011 neutrons/(cm2·s) was employed 
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throughout the irradiation, and the samples underwent a 6-hour exposure. As a result, a total 
fluence of  4.32 × 1015 neutrons/cm2 was imparted to the samples, effectively triggering 
the intended irradiation effects. The introduced defects improve flux pinning at low 
neutron fluences, increasing the critical currents. However, at a certain defect density, the 
critical current reaches its maximum and Ic declines upon further irradiation. The ability 
to engineer a product with a pinning microstructure will face arguments such as the doses 
or level of exposure that produced the most efficient results, which means the critical 
current reaches its maximum for different magnetic fields and temperatures. According to 
Koshelev et al. (2016) the ultimate critical-current optimization can be achieved by the 
constructive combination of different pinning centers; a natural first step is to determine 
the best pinning configuration for a relatively simple system with only one type of defects 
(Koshelev et al., 2016).

As stated in the introduction part, where grain growth helps to improve grain 
connectivity, Aksenova et al. (1995) also stated that under small doses, there is an increase 
of weak links on grain boundaries caused both by diffusion of atmosphere oxygen to the 
grain boundaries and the reaction, improving the conducting properties of the intergranular 
layers. At high doses of gamma irradiation, the intensive degradation of the ceramic surface 
layer occurs, caused by interaction with air and subsequent changing of phase composition 
(Aksenova et al., 1995).

Sample Characterization

A D8 Advanced X-Ray Diffractometer (XRD) has been used to determine all samples' 
phase and structural parameters. Scanning electron microscopy (SEM) provides detailed 
information that aids in examining the samples' microstructure. This research used the SEM 
to gather information regarding external morphology (texture), crystalline structure, and 
grain orientation. The microstructural analysis was conducted using the Hitachi SU8600 
Ultra-High-Resolution scanning electron microscope.

The four-point probing technique was utilized to ascertain electrical resistance, with 
silver paste as the medium for establishing electrical connections. The experimental 
arrangement comprised a Keithley 197 Multimeter and a Keithley 220 Current Source. A 
CTI Cryogenics closed-cycle refrigerator Model 22 and a Lake Shore Cryotronics Model 
325 temperature controller were employed to assess electrical resistance with respect to 
temperature. The constant current used was between 1 mA and 100 mA.

AC susceptibility measurements were carried out to identify the temperature of 
susceptibility transition, denoted as Tχ′. The AC susceptibility (represented as χ = χ′ + iχ”) 
was deduced using a susceptometer with the model number REF-1808- ACS manufactured 
by Cryo Industry. The critical current density at the temperature corresponding to the peak 
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of χ” (designated as TP) was computed using the formula Jc(TP ) = Ha/(lw)1/2 where l and w 
stand for the dimensions of the cross-section of the bar-shaped samples.

RESULTS AND DISCUSSION

X-Ray Diffraction

The XRD patterns in Figure 1 show that all the samples display an orthorhombic crystal 
structure. Post irradiation, slight variations became apparent in the diffraction angles. 
The patterns pre- and post-irradiation showed changes in peak locations and intensities. 
These findings demonstrate alterations in the lattice parameter and confirm a reduction 
in grain size after irradiation. The irradiated samples exhibit significant distortions in the 
crystal lattice, particularly noticeable in the Bi–O block, which acts as a charge reservoir. 
Supporting SEM micrographs offer a more distinct visual representation of the diminished 
grain size induced by irradiation. Collectively, these results signified that irradiation prompts 
structural modifications in the material, culminating in changes in peak positions, peak 
intensities, and grain size. By using the Miller indices formula for an orthorhombic crystal 
structure, 1/d2 = h2/a2+ k2/b2 + l2/c2, where h, k and l are numbers from lattice plane, and 
d is the distance of spacing value obtained from XRD data, the lattice parameters can be 
calculated. The lattice parameter is related to the atomic radius of the sample’s composition 
(Wang et al., 2007). The investigation centers on the correlation between minor shifts in 
parameter values within irradiated samples and the structural distortions that result from 
the interaction between accelerated particles and the samples during irradiation.

The lattice parameters and volume for all samples, including non-irradiated and 
irradiated samples exposed to different types of radiation (electron, gamma, and neutron). 
The lattice parameters and unit cell volume are listed for each sample, which remains 
orthorhombic after irradiation (Table 1). The non-irradiated sample exhibited lattice 
parameters of a = 5.389 Å, b = 5.398 Å, and c = 37.643 Å, and volume 1095.03 Å3. Upon 
electron irradiation, slight changes were observed in the lattice parameters (a = 5.408 Å, 
b = 5.413 Å, c = 37.015 Å), leading to a reduced volume of 1083.56 Å3. Similarly, the 
neutron-irradiated sample showed minor alterations in lattice parameters (a = 5.327 Å, b = 
5.303 Å, c = 38.391 Å) with a volume of 1084.51 Å3. Interestingly, the gamma-irradiated 
sample shows more significant changes in lattice parameters (a= 5.823 Å, b = 5.271 Å, c 
= 38.629 Å), resulting in a larger volume of 1185.64 Å3 compared to both non-irradiated 
and electron-irradiated samples. The gamma-irradiated sample exhibits more pronounced 
changes in the lattice parameters compared to electron and neutron irradiation due to the 
distinct characteristics of gamma radiation. Gamma radiation, high-energy electromagnetic 
radiation, possesses greater penetration abilities, allowing it to interact deeply with 
the atoms within the crystal lattice. It led to a higher probability of inducing structural 
modifications and, therefore, more substantial effects on the material’s lattice parameters. 
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Gamma radiation's higher energy and penetration capabilities facilitate more profound 
interactions with the material’s crystal lattice, causing atomic displacements, defect 
formations, radiation-induced stress and phase transitions. The phase transition appears 
to result from a double-hit process: initially, an ion impact creates oxygen defects; 
subsequently, a second ion hitting the already damaged impact zone triggers a crystalline-
to-crystalline phase transition. However, the X-ray diffraction (XRD) patterns show no 
evidence of such a phase transition in this research. The consistent peak positions across 
all samples indicate that the orthorhombic structure is retained despite different types 
of irradiations. Variations in peak intensities suggest changes in the crystalline phase 
formation within the orthorhombic phase, which may be attributed to factors such as phase 
purity, preferred orientation, or the degree of crystallinity. These intensity changes reflect 
alterations in the distribution and alignment of crystal planes rather than a transition to a 
new phase. In contrast, electron irradiation has noteworthy penetration depths and induced 
direct interactions with the atoms in the lattice, resulting in significant changes compared 
to non-irradiated samples.

 

 

 

 

 

 

 

 

 

 

Figure 1. XRD for BSCCO-2223 for non-irradiated and irradiated samples 
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Figure 1. XRD for BSCCO-2223 for non-irradiated and irradiated samples
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Table 1  
Critical temperature, Tc, peak temperature, Tp, and lattice parameters for all samples

Sample Tc/K Tp/K Tp reduction Lattice Parameter Volume  
V/Å 3a/Å b/Å c/Å 

Non-irradiated 125 96 - 5.389 5.398 37.643 1095.03
Electron-irradiated 110 83 13.5 % 5.408 5.413 37.015 1083.56
Gamma-irradiated 88 80 16.7 % 5.823 5.271 38.629 1185.64
Neutron-irradiated 100 74 22.9 % 5.327 5.303 38.391 1084.51

In our study of the XRD patterns for BSCCO-2223, we compared the peaks with those 
identified by the previous researcher, Fallah-Arani et al. (2019). We discovered several 
unidentified peaks at specific angles in all samples, particularly those exposed to electron, 
gamma, and neutron irradiation. These unidentified peaks suggest the possible development 
of new secondary phases within the BSCCO-2223 structure.

Furthermore, the XRD patterns for non-irradiated, electron-irradiated, gamma-irradiated 
and neutron-irradiated samples show significant differences in peak intensities at various 
angles (2θ) due to the distinct effects of each irradiation type on the crystalline structure. 
Gamma-irradiated samples exhibit higher intensities for the 008 and 0012 planes, likely 
due to reorientation or redistribution of crystalline planes and induced defects. Neutron-
irradiated samples show intense peaks at the 0012 and 1111 planes as neutron irradiation 
penetrates deeper, causing displacement damage and strain within the lattice. Both types 
of irradiations introduce defects, alter crystallite size, and induce strain, affecting peak 
intensities. Despite the visible changes in crystallite size, the crystallite structure can remain 
the same. Non-irradiated samples show baseline intensities, reflecting the original structure, 
while electron-irradiated samples exhibit moderate changes, indicating less penetration. 

Electrical Resistance and AC Susceptibility
Figures 2(a)–(d) illustrate non-irradiated and irradiated samples' electrical resistance versus 
temperature profiles. Each graph is marked with the respective critical temperature (Tc). 
In the case of the non-irradiated bulk sample, Tc was 125 K. Interestingly, the irradiated 
samples exhibit a gradual reduction in Tc, with values of 110 K, 100 K, and 88 K for 
electron, neutron, and gamma irradiation, respectively. This decline in critical temperature 
is a noteworthy observation. The neutron-irradiated sample exhibits the most significant 
alterations in Tc compared to the electron-irradiated and gamma-irradiated samples, as 
shown in Table 1.

Figure 3 displays the AC susceptibility (χ= χ′ + iχ”) measurements for both irradiated 
and non-irradiated samples. In these measurements, a noticeable shift or peak in the graph 
emerges precisely at the critical temperature, marking the transition from the ordinary state 
to the superconducting state. The graph comprises two distinct segments: the real part χ′, 
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which signifies diamagnetic behavior, and the imaginary part χ”, illustrating the efficacy 
of the flux pinning centers and the interconnection among grains. The peak observed in χ” 
graph, is denoted as Tp. By examining the χ” graph, we can deduce AC losses by comparing 
the values of these two peaks. The higher temperature peak represents intrinsic losses and 
reveals the intragranular current density (Jc−intra). The applied magnetic field influences 
the positions of both loss peaks in χ".

Our experimental setup utilized a low magnetic field, which prevented the Hac 
(alternating field) from piercing the grains. Consequently, a higher temperature peak 
was absent. However, the magnetic field was sufficient to penetrate within the grains and 
reveal the intergranular loss peak (Tp). By maintaining an applied magnetic field (5 Oe), 
the strength of flux pinning was assessed by analyzing the degree of shifting and the width 
of the intergranular loss peak.

The AC susceptibility measurements were crucial in understanding the samples' 
superconducting behavior. The values of χ′ and χ" were analyzed to determine various 
aspects, including transition temperatures, intrinsic and coupling losses, and the strength 
of flux pinning based on the shifting and width of the intergranular loss peak.

Figure 2. Electrical Resistance vs Temperature for (a) non-irradiated bulk sample. (b) Gamma-irradiated 
bulk sample. (c) Electron-irradiated bulk sample and (d) Neutron-irradiated bulk sample
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Figure 3. AC susceptibility of Bi-2223 for (a) non-irradiated sample, (b) electron-irradiated sample, (c) 
gamma-irradiated sample, (d) neutron-irradiated sample

Table 1 displays the critical temperature (Tc) and peak temperature (Tp) values for 
Bi-2223 superconductor bulk samples exposed to different irradiation conditions. In the 
non-irradiated sample, Tc registers at 112 K, while Tp, marking the onset of irreversibility 
in superconducting behavior, appears at 96 K. The shift in Tc for electrical resistance and 
Tp for AC susceptibility measurements is primarily due to the concentration of defects 
created by the irradiation. At the same time, Tc-onset and Tc-offset represent different stages of the 
superconducting transition, with Tc-onset indicating the initial formation of superconducting 
regions and Tc-offset signifying the complete transition to the superconducting state. Electron 
irradiation reduces Tc to 110 K and significantly lowers Tp to 83 K, marking a 13.5% 
decrease compared to the non-irradiated sample, showing defect introduction disrupting 
superconducting behavior. Similarly, gamma irradiation decreases Tc (to 88 K) and Tp (to 
80 K), resulting in a 16.7% reduction compared to the non-irradiated sample, indicating 
defect-induced impact on superconducting properties. 
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Neutron irradiation lowers Tc to 100 K, with Tp dropping notably to 74 K, representing 
a 22.9% decrease compared to the non-irradiated sample, highlighting neutron irradiation's 
substantial disruption of superconducting behavior. The differences in the initial and 
complete superconducting transition temperatures (Tc-onset and Tc-offset) across 
the samples can be explained by the varying energy levels of the irradiation sources. 
Higher-energy irradiations, like neutron irradiation, create larger defects that disrupt the 
superconducting state more extensively. It leads to a broader range of superconducting 
transitions, affecting various material parts. In contrast, lower-energy irradiation, such as 
electron irradiation, generates smaller defects that cause more consistent superconducting 
transitions across the material. This variation in irradiation energy affects how defects 
are introduced, which influences both the beginning and the end of the superconducting 
transition, explaining the differences seen in Tc-onset and Tc-offset.

The reduction in Tc and Tp observed after irradiation indicates that defects introduced by 
irradiation act as pinning centers for magnetic flux lines, which can enhance the material's 
ability to carry superconducting currents. This phenomenon is desirable in many practical 
applications requiring high critical currents and magnetic field tolerances. Therefore, while 
irradiation may lower the absolute critical temperature, it can simultaneously improve the 
material's performance under certain conditions, making it more suitable for practical use 
in specific applications.

Scanning Electron Microscopy (SEM) Micrographs

The samples' micrographs provide further insights into the underlying mechanisms (Figures 
4 to 8). The observations indicate changes in both the grain size and the grain orientation. 

Figure 4. The grain size of non-irradiated Bi-2223
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The micrographs showed a non-uniform phase distribution on the samples' surface. Some 
areas exhibit a layered structure, characteristic of the crystal structure of the Bi-2223 system. 
The samples also display a porous nature with grain sizes between 1.35 µm and 1.69 µm.

The presence of plate-like grains, typical of Bi-based high-temperature superconductors, 
was observed in the samples. The lamellar structure, associated with high critical temperature 
superconductors, can be seen in many grains. However, following irradiation, the grain size 
slightly decreased, and porosity increased (Figures 5 to 8). The grains exhibited a random 
distribution, indicating anisotropic grain orientation and poor interconnection between the 
grains. The Hall-Petch relation also expressed the influence of the grain size on mechanical 
properties such as ductile-brittle transition and tensile and hardness of polycrystalline 
materials (Armstrong, 1970; Hansen, 2004). Additionally, as the particles crystallize and 
bond together, the cavities between the particle grains become more numerous because the 
sintering process involves the elimination of porosity and the densification of the material. 
As the particles bond, the material becomes more compact, reducing the overall volume 
and increasing the density. This reduction in volume can create additional space (black 
regions) between the particle grains, resulting in cavities or voids (Imaduddin et al., 2023). 

). This enhanced the formation of effective pinning centers while slightly reducing the 

average size of the Bi-2223 crystallites. 

               

 

 

 

 

Figure 5. Microstructure of non-irradiated Bi-2223. The black  Figure 5. Microstructure of non-irradiated Bi-2223. The black regions circled in red represent randomly 
distributed grains within the matrix structure, indicating a weaker linkage between the grains

In Figures 5 to 8, the black regions circled in red represent randomly distributed 
grains within the matrix structure, indicating a weaker linkage between the grains. It is 
expected that after irradiation, the Bi-2223 compound will exhibit a higher density of grain 
boundaries due to the increased concentration of defects caused by accelerated particles. As 
particles crystallize and bond during sintering, the material becomes denser as air pockets 
are removed and the particles are compacted. This densification reduces the overall volume 
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of the material, minimizing the spaces or voids between the particle grains. This reduction 
in volume can create extra space (appearing as black regions) between the grains, forming 
cavities or voids. Similar in size to coherence length, these defects act as pinning centers 
due to their distribution and link to local variations in critical temperature. This arrangement 
boosts the creation of effective pinning centers while slightly decreasing the average size 
of the Bi-2223 crystallites (Al-Khawaja, 2006). This enhanced the formation of effective 
pinning centers while slightly reducing the average size of the Bi-2223 crystallites. 

 

 

 

 

 

 

Figure 6. Microstructure of electron-irradiated Bi-2223. The black  Figure 6. Microstructure of electron-irradiated Bi-2223. The black regions circled in red represent randomly 
distributed grains within the matrix structure, indicating a weaker linkage between the grains 

 

 

 

 

 

 

Figure 7. Microstructure of gamma-irradiated Bi-2223. The black regions circled in red 

represent randomly distributed grains within the matrix structure, indicating a weaker linkage 

between the grains 

Figure 7. Microstructure of gamma-irradiated Bi-2223. The black regions circled in red represent randomly 
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Figure 8. Microstructure of neutron-irradiated Bi-2223. The black regions circled in red represent randomly 
distributed grains within the matrix structure, indicating a weaker linkage between the grains

The micrographs showed that the non-irradiated samples have the densest layering 
structure. This robust layering signals a well-organized and densely packed distribution 
of grains within the non-irradiated sample. In contrast, the samples subjected to electron 
irradiation reveal a slightly less dense layering structure than the non-irradiated counterpart. 
It suggests that electron irradiation triggered minor alterations in the grain configuration, 
leading to a slight disarrangement in the dense layering, which is evident in the non-
irradiated sample. On the other hand, the sample exposed to gamma irradiation exhibits a 
more significant reduction in the layered structure’s density compared to both non-irradiated 
and electron-irradiated samples. 

This finding suggests that gamma irradiation has a more potent effect on the layered 
structure, resulting in a larger degree of disruption and a less compact arrangement 
of grains. The sample exposed to neutron irradiation displays the least dense layered 
structure among all the samples. Neutron irradiation seems to exert the most pronounced 
impact on the layered microstructure, culminating in a more spread-out and less orderly 
grain arrangement. The Figures 5 to 8 distinctly illustrate a trend concerning the layering 
structure’s density across the samples. The non-irradiated sample manifests the highest 
density, followed by the electron-irradiated, gamma-irradiated, and ultimately the neutron-
irradiated sample.

CONCLUSION

This study reveals that electrons, gamma, and neutron irradiations reduce the critical 
temperature (Tc) and peak temperature (Tp) of Bi-2223 superconductors. Among these, 
neutron irradiation causes the most significant decrease in Tp by 22.9%, highlighting its 
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effectiveness in introducing microstructural defects. These defects serve as pinning centers, 
disrupting superconducting capabilities more than other irradiation types. Consequently, 
neutron irradiation is identified as the most impactful method for modifying Bi-2223's 
superconducting properties.

However, the choice of irradiation technique should be tailored to specific application 
needs, as neutron irradiation's aggressive effects might not always be desirable. Future 
research should optimize the balance between defect introduction and superconducting 
performance, particularly under high magnetic fields. Rigorous statistical analysis is 
essential to validate the irradiation effects and ensure that superconductor development 
is based on reliable data. This approach will help modify superconductor properties for 
specific applications, advancing the field of superconductivity.
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