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Abstract 

The solidification process is crucial for preparing high-performance ceramic superconductor. The 
solidification process is strongly dependent on the characteristics of the starting powder, including 
particle size, morphology, and phase purity. This review concisely examines the study on four key 
ceramic superconductors: REBCO, Bi-2212, FeSeTe, and MgB2. In REBCO, additives such as CeO2, Pt, 
or BaO2 powder can refine the RE-211 phase. In Bi-2212, Pb or Nb powder additions stabilize the 
high-Tc phase. For FeSeTe, doping with F or Co modifies phase separation and introduces Δκ pinning. 
Meanwhile, in MgB2, the incorporation of SiC nanoparticles powder generates effective pinning 
centers. Concurrently, processing conditions exert a decisive influence on the final microstructure, as 
demonstrated by the TSMG/TSIG route in REBCO, partial melting parameters for Bi-2212, specific 
cooling protocols and thermal treatments for FeSeTe, and optimized sintering and post-annealing 
processes for MgB2. Future research directions should prioritize fundamental understanding of phase 
separation mechanisms during powder processing, development of multi-component doping 
strategies for powder modification, and advancement of scalable powder processing routes for 
practical conductor architectures. 

Keywords: precursor powder modification; solidification process; superconducting property; 
microstructural control 
 

1. Introduction 

The promising prospects of practical superconducting materials for high-power applications are 
constrained by a common and critical issue. The solidification process is a main process crucial for 
preparing high-performance bulk and round wire. the prevalent occurrence of phase separation 
during solidification and heat treatment processes. This microstructural heterogeneity manifests in 
varied forms across different material systems, yet consistently leads to the degradation of 
macroscopic performance. 

In the REBCO melt textured bulk materials, the complex multi-element reactions and non-
equilibrium solidification readily induce texture imperfections, inhomogeneous distribution of flux 
pinning centers, and segregation of RE-211 phases, significantly compromising the current carrying 
capacity under high magnetic fields and the uniformity of properties [1–4]. Similarly, in the isotropic 
bismuth-based Bi-2212 materials, incomplete phase transformation and porosity during melt 
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processing not only reduce the critical current density (Jc) but also pose serious challenges to their 
stability in very high-field magnet applications [5–7]. For iron-based Fe(Se, Te) superconductors and 
the intermetallic compound MgB2, phase separation primarily manifests as compositional 
fluctuations (e.g., Se/Te) or deviation from stoichiometry of key elements (e.g., Mg), subsequently 
triggering secondary phase precipitation, weak intergranular coupling, and pore formation, which 
directly impair electrical connectivity and flux pinning effectiveness [8-12]. Therefore, despite the 
diversity of material systems, microstruct [8–12ural instability and chemical inhomogeneity resulting 
from solidification induced phase separation have emerged as a fundamental boĴleneck limiting the 
enhancement of Jc, reproducibility of performance, and high-field applicability across various 
practical superconducting materials [13]. 

Beyond the common issue of phase separation, a unifying feature across these superconductor 
families is identified. Their entire processing chain is initiated from precursor powders. This includes 
oxide mixtures for REBCO, Bi-2212 precursor powder, elemental Fe, Se, and Te blends for iron-based 
superconductors, and Mg and B mixtures for MgB2. The initial characteristics of these powders, such 
as particle size distribution, phase purity, and dopant homogeneity, are not considered incidental. 
Instead, they are regarded as critical boundary conditions that govern the thermodynamic and kinetic 
pathways of all subsequent transformations. Therefore, a profound understanding of powder 
precursors is established as the primary foundation for dictating the final microstructure and, 
consequently, the ultimate superconducting performance. 

All are processed from functional powder precursors. Whether it is the RE-123 and RE-211 
powders for melt-textured REBCO [14], the Bi-2212 powder packed into silver tubes for round wires 
[5], the elemental Fe, Se, and Te powders for iron-based superconductors [9,15], or the Mg and B 
powders for in-situ MgB2 synthesis [16,17], the journey to a high-performance superconductor is 
invariably begun with a powder. The initial characteristics of these powders, including particle size 
distribution, phase purity, morphology, agglomeration state, and the homogeneity of any dopant 
distribution, are considered not merely incidental details. Instead, they are regarded as critical 
boundary conditions that govern the thermodynamic and kinetic pathways of subsequent 
solidification and phase separation. 

Consequently, a profound comprehension and precise control of phase separation during 
solidification is pivotal for transitioning practical superconducting materials from laboratory 
research to engineering applications. This review systematically examines the effect of precursor 
powder on the solidification microstructure and superconducting properties of ceramic 
superconducting materials. It assesses the consequent effects on critical superconducting properties, 
including Jc, the transition temperature (Tc), and microstructural connectivity. Furthermore, the 
primary strategies for controlling this phenomenon are summarized. The objective is to provide a 
theoretical foundation and directional guidance for the process optimization and performance 
enhancement of these materials. 

2. Influence of Precursor Powder Characteristics on the Solidification Process 
and Performance of High-Tc Cuprate Superconductors 

2.1. REBCO 

In the fabrication process of REBCO bulk superconductors, the treatment of precursor powders 
represents the logical starting point that fundamentally determines the final sample performance, 
with a clear causal chain linking powder purity, particle size, distribution, final phase assemblage, 
flux pinning characteristics, and current carrying capacity. The chemical purity and phase 
composition of precursor powders form the basis for ensuring the final phase purity of the samples. 
If high purity precursor powders are not obtained at the initial synthesis stage, subsequent heat 
treatments cannot eliminate impurity phases, which ultimately compromises the superconducting 
properties. For instance, in the preparation of Y2BaCuO5 powder by Antončík et al. [18], high purity 
raw materials (99.99% Y2O3 and CuO) were employed, and repeated grinding and calcination were 
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conducted between 1138 K and 1173 K. X ray diffraction analysis subsequently confirmed that a high 
purity sample without detectable impurity phases was obtained, which established the foundation 
for accurate measurement of its thermodynamic properties. Figure 1 presents the microstructural 
morphology and elemental distribution analysis of the Y-211 powder from that study. As can be 
observed in the figure, the prepared Y-211 powder particles exhibited uniform dimensions, primarily 
distributed in the range of 1 to 5 µm. Furthermore, energy dispersive spectroscopy elemental 
mapping confirmed that Y, Ba, Cu, and O elements were uniformly distributed throughout the 
particles without any compositional segregation, which directly demonstrates the high purity and 
chemical homogeneity of the powder [18]. 

 
Figure 1. Morphology of the Y2BaCuO5 particles observed by SEM (a) and the associated elemental mappings 
acquired via EDS (b). Adapted from [18] with permission. 

Once purity has been ensured, particle size becomes the most critical controllable variable. 
Extensive comparative studies have confirmed that refining the precursor powder particle size 
represents the most effective means of controlling the dimensions of the non superconducting RE-
211 second phase particles in the final microstructure. This process follows the principle of particle 
size inheritance: finer precursor powders result in smaller RE-211 particles retained within the RE-
123 matrix, thereby introducing more pinning interfaces within the superconductor. For example, 
when ultra fine Gd-211 powder with an average particle size of only 0.1 µm was employed, 
submicron sized Gd-211 particle distributions were obtained in Gd-Ba-Cu-O bulk materials, which 
significantly enhanced Jc [19]. Additionally, when the infiltration growth process is adopted, powder 
treatment directly influences the uniformity of liquid phase infiltration and subsequent reactions, 
which consequently determines the distribution homogeneity of RE-211 particles in the final samples. 
This approach avoids the second phase free regions commonly observed in conventional melt 
textured samples, resulting in more uniform and denser microstructures [14,20]. 

However, powder refinement is not simply a maĴer of achieving the smallest possible particle 
size; it must be matched with the growth kinetics. In the top seeded melt growth process, excessively 
fine Y-211 powder tends to be pushed by the growth front rather than trapped near the seed crystal, 
which leads to the formation of macroscopic regions devoid of pinning centers beneath the seed and 
adversely affects the uniformity of performance [19]. In the infiltration growth process, by adjusting 
the cooling time, the Ostwald ripening of Y-211 particles can be effectively controlled, thereby 
avoiding particle coarsening that would otherwise occur with excessively long processing times and 
maintaining a uniform microstructure [21]. 
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Driven by their broad transformative potential, high-temperature superconductor (HTS) 
research constitutes a key research direction in materials science [4,22]. With their superior 
performance and enhanced efficiency, second-generation high-temperature superconductors (2G-
HTS) hold great promise for critical applications ranging from energy transmission and medical 
imaging to advanced scientific instrumentation [1,23,24]. Since their discovery in 1986, REBCO (RE = 
rare earth element) high temperature superconducting bulks has aĴracted extensive aĴention due to 
their outstanding flux [24] trapping performance (>5 T) at liquid nitrogen temperature (77 K) [25]. 
The superconducting properties, particularly Jc and trapped field, are fundamentally dictated by the 
microstructural features developed during the solidification process. Single-grain REBCO bulk 
superconductors are typically fabricated via melt processes such as Top-Seeded Melt-Growth 
(TSMG) or Top-Seeded Infiltration and Growth (TSIG) [14,20,26]. Both methods are based on a 
peritectic reaction, wherein the REBa2Cu3O7-δ (RE-123) phase decomposes incongruently upon 
heating into solid RE2BaCuO5 (RE-211) particles and a Ba-Cu-O liquid phase. The subsequent slow 
cooling stage facilitates a seeded peritectic reaction between the RE-211 phase and the liquid phase 
[14,19]. This process results in the formation of a textured RE-123 single grain, thereby incorporating 
unreacted RE-211 particles, pores, and other non-superconducting phases as inclusions. 

Phase separation is a critical and ubiquitous phenomenon during the solidification of REBCO 
superconductors, primarily manifested by the formation and distribution of non-superconducting 
secondary phases within the RE-123 matrix. The scale and morphology of these phase separated 
structures can be effectively governed through precise design of the sample composition and 
solidification pathway. This complex solidification process inherently leads to phase separation with 
varying degrees of refinement. The morphology, size, and distribution of these separated phases, 
which are governed by the processing conditions directly determine the final properties of the 
material. 

This chapter will systematically review the phase separation phenomena in REBCO materials 
during solidification. It will focus on two primary control strategies: compositional modification and 
process optimization, and will elaborate on how these microstructural features influence 
superconducting performance. 

2.1.1. Compositional Design of Precursor Powders for Phase Refinement 

The introduction of specific additives or the precise modification of the precursor composition 
represents one of the most direct and effective strategies for controlling the phase separation of the 
RE-211 secondary phase. 

In the conventional TSMG process, the precursor powder typically consists of RE-123 mixed 
with an excess of RE-211, a common nominal ratio being 75:25 wt% [26]. The incorporation of the RE-
211 phase serves multiple critical purposes: (i) to supply a sufficient source of RE elements for the 
peritectic growth of the RE-123 matrix, thereby promoting rapid crystal growth, (ii) to minimize the 
loss of the liquid phase during the high-temperature melting stage by reducing its mobility, and (iii) 
ultimately, to yield a dispersion of fine, non-superconducting RE-211 particles within the RE-123 
matrix after solidification, which act as effective flux-pinning centers [27,28]. 

Other rare earth systems, such as GdBCO and SmBCO, exhibit higher Tc and Jc compared to 
YBCO. However, due to the similar atomic radii of rare earth and Ba atoms, these systems are prone 
to the formation of RE1+xBa2-xCu3Oy solid solutions, which significantly degrade their 
superconducting properties [29]. To visually demonstrate the remarkable effect of compositional 
design on regulating the superconducting properties of REBCO, Table 1 [30–35] summarizes the 
achieved critical current densities via the addition of various secondary phases. 
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Table 1. Jc of REBCO bulks at 77 K under self-field for various doping conditions [30–35]. 

Bulk Sample Doping Condition Jc at 77 K, self-field (A/cm2)  

GdBCO 
70 wt% Gd123 + 30 wt% Gd211 +1 wt% 

BaO2+ 0.1 wt% Pt 7.4×104 [31] 

GdBCO Gd123 : Gd211 : BaO2 = 1:0.4:0.1 
+ 10 wt% Ag2O + 0.5 wt% Pt 

8.6×104 [30] 

GdBCO 
7 wt% YGdNb-11411  

+ 1 wt% CeO2 8.64×104 [35] 

SmBCO 75 wt% Sm123 + 25 wt% Sm211 +2 wt% 
BaO2+ 1 wt% CeO2 

4×104 [33] 

YBCO 
70 wt% Y123 + 30 wt% Y211 

+ 2 wt% CeO2 5.7×104 [32] 

YBCO 
Y123:Y2O3 = 1:0.3 

+ 2 wt% CeO2 
5.2×104 [34] 

Studies indicate that the addition of BaO2 at concentrations of 1-10 wt% in GdBCO is an effective 
strategy for suppressing solid solution formation [1,30,31,36,37], thereby facilitating the production 
of bulk samples with enhanced superconducting properties. During the melt growth process, BaO2 
serves as an additional source of both oxygen and barium, suppressing the formation of Ba-Cu-O 
impurities and reducing the occurrence of non-stoichiometric solid solutions caused by barium 
deficiency, thereby promoting the formation of pure phase RE-123 [35]. Furthermore, the addition of 
approximately CeO2 [32,33], Pt [34,38], YGdBa4CuNbOy [35] effectively suppresses the Ostwald 
ripening of RE2BaCuO5 (RE-211) particles during melt growth. This results in a refined and uniform 
distribution of RE-211 particles within the superconducting matrix. Besides, researchers have found 
that introducing second-phase additives can create a higher density of flux-pinning centers within 
the RE-123 matrix. A prime example is the YGdNb-11411 nanoparticle, which, due to its high 
chemical stability and non-reactivity with the RE-123 phase, acts as an effective pinning center 
without inducing solid solutions or deleterious secondary phases [39–41]. 

Figure 2 directly compares the performance of the REBCO samples listed in Table 1, highlighting 
a crucial distinction in how different compositional modifications affect the superconductor. The key 
insight from this comparison is that while the addition of chemical additives (e.g., BaO2, Pt, CeO2) 
effectively enhances the self-field Jc, it often results in a strong magnetic field dependence, leading to 
a rapid decline at higher fields. This is evident in the similar, steeper degradation curves of samples 
like GdBCO (BaO2+Pt) [31] and YBCO (CeO2) [32]. In contrast, introducing designed secondary phase 
nanoparticles (e.g., YGdNb-11411) serves a different primary function: to directly and robustly 
enhance flux-pinning capability. The GdBCO sample with YGdNb-11411 nanoparticles demonstrates 
this principle clearly. It not only achieves the highest self-field Jc but, more importantly, exhibits the 
most gradual decay with increasing field. This superior performance across the entire 0-5 T range 
signifies the creation of a more effective pinning. Therefore, this figure underscores a strategic 
guideline for performance optimization: additives are essential for refining the primary 
microstructure and boosting zero-field performance, but the incorporation of tailored secondary 
phase nanoparticles is critical for building strong, field-independent pinning centers that ensure high 
current capacity under practical magnetic operating conditions. 
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Figure 2. Magnetic field dependence of the Jc at 77 K for the doped REBCO bulk superconductors listed in Table 1. 

2.1.2. Processing Solidified Microstructures from Engineered Powders 

The solidification pathway plays a critical role in determining the spatial distribution of the RE-
211 phase in REBCO, influencing its phase separation at both the macro- and micro-scale. Figures 3a 
and b show that the growth of the RE-123 phase exhibits a strong anisotropy between its a-b plane 
and c-axis, which consequently determines the final distribution and dimensions of RE-211 inclusions 
within the single-domain matrix [42]. 

 

Figure 3. Growth rates of YBCO as a function of undercooling temperature (ΔT): (a) along the a/b-axis and (b) 
along the c-axis, for samples with varying Y-211 content (20, 30, and 40 wt%). Reprinted with permission from 
[42]. Licensed under CC BY 4.0. 

The growth velocity of the RE-123 phase and the grain size of the RE-211 particles determine 
whether the RE-211 particles are trapped within the matrix or is pushed by the advancing growth front 
[43]. A larger undercooling promotes a higher growth rate, which favors the trapping of finer particles, 
leading to a uniform distribution of refined RE-211. In contrast, a smaller undercooling can result in 
particle pushing, causing macroscopic segregation [3,42]. In the TSMG process, the final distribution of 
RE-211 particles and the formation of microstructural defects in REBCO bulks are collectively 
determined by the growth mode (isothermal or undercooling) and the characteristics of the precursor 
powder. An optimized isothermal growth process utilizing a specifically formulated precursor powder 
has been shown to yield a superior spatial distribution of refined RE-211 inclusions [44]. 

Table 2 [14,20,45] shows a comparative summary of the TSMG and TSIG processes for REBCO 
bulk superconductors, detailing precursor materials, in-situ reactions, and the results. In the TSIG 
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process, the liquid phase source is comprised of a mixture of Y2O3, CuO, and BaCuO2 in a specific 
molar ratio. 

Table 2. Comparison of the TSMG and TSIG Processing Techniques [14,20,45]. 

‘ TSMG TSIG 
Raw material RE-123 + RE-211 Liquid + RE-211 

Reaction 
RE-123→RE-211+Ba-Cu-O+CuO 

CuO→Cu2O+1
2
O2 ↑ 

RE-211+Ba-Cu-O+CuO→RE-123 
RE-211+Ba-Cu-O+CuO→RE-123 

Result 
Formation of Pores 

RE-211 Particles Agglomeration 
RE-211 Particles Coarsening 

Homogeneous distribution of RE-211 
Particles 

A comparative analysis of the two processing techniques reveals that the TSIG route is 
fundamentally superior for microstructural control [14,20,46,47]. In the conventional TSMG process, the 
peritectic decomposition of the RE-123 phase generates gaseous species (leading to pore formation) and 
concurrently precipitates RE-211 particles. These newly formed RE-211 particles are highly susceptible 
to coarsening via Ostwald ripening within the liquid matrix and become heterogeneously distributed 
due to liquid phase migration. Consequently, this results in a microstructure characterized by coarse 
and inhomogeneous RE-211 inclusions, as visually contrasted in Figures 4a and b. In contrast, the TSIG 
technique entirely circumvent the peritectic decomposition of the RE-123 phase. This process utilizes a 
pre-sintered preform of fine, precursor RE-211 powder as a stationary solid skeleton, which is infiltrated 
by a liquid phase source. Since the RE-211 particles are immobilized within this rigid framework, their 
coarsening is effectively suppressed, and their initial fine size and uniform spatial distribution are 
preserved throughout the growth process. This yields the refined, dense, and homogeneous dispersion 
of RE-211 particles evident in Figures 4c and d. 

 
Figure 4. Optical micrographs of YBCO samples fabricated by (a, b) the Top-Seeded Melt Growth process and 
(c, d) the Top-Seeded Infiltration and Growth process. (b) and (d) are higher-magnification views of the regions 
outlined in (a) and (c), respectively [20] (CC BY 4.0). 
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The superior microstructural homogeneity achieved by TSIG is also reflected in the uniformity 
of the superconducting properties [14]. Figure 5 compares the magnetic field dependence of Jc at 77 
K for YBCO bulk samples fabricated via TSMG and TSIG routes, with multiple data points 
representing different sampling locations within the same bulk. The TSMG processed samples exhibit 
higher peak Jc values but show significant positional variation, indicative of microstructural 
heterogeneity such as uneven RE-211 distribution and porosity. In contrast, TSIG processed samples 
display lower but remarkably consistent Jc values across all measured positions, demonstrating the 
improved microstructural uniformity imparted by the TSIG process. 

 

Figure 5. Magnetic field dependence of Jc at 77 K for YBCO bulk superconductors fabricated by TSMG and TSIG 
processes. The suffixes “-1”, “-2”, and “-3” denote measurements taken from different locations within the same 
bulk sample. Data are extracted from [14] (CC BY 3.0). 

Additionally, the content and distribution of RE-211 inclusions in the RE-123 matrix can be 
optimized by adjusting key processing parameters, specifically, infiltration temperature, time, and 
liquid phase content in the precursor [20,45]. This approach effectively addresses the issue of 
excessive RE-211 (> 40%) that impaired the performance of early TSIG samples [14]. The development 
of the two-step BA-TSIG process, which separates the infiltration and grain growth stages, has led to 
a significant improvement in the precision of phase separation control and the overall reliability of 
the process [48]. The fabrication of REBCO bulk superconductors inherently relies on the quality of 
precursor powders. In practice, RE-123 and RE-211 powders are most commonly prepared by solid-
state reaction. The particle size, purity, and stoichiometry of these starting powders are known to 
have a direct impact on the subsequent melt growth process. The critical role of precursor 
characteristics is further exemplified in Figure 6, which contrasts the outcomes of using coarse versus 
fine Y-211 powders [27]. The finer Toshima powder (Figures 6b and d) not only promotes a larger 
single-grain growth area but also yields a microstructure with markedly refined and homogeneously 
dispersed Y-211 particles, compared to the coarser Nexans powder (Figures 6a and c). This visual 
evidence underscores that controlling the initial state of the phase-separating component (Y-211) is 
as crucial as optimizing the thermal process parameters for achieving desirable pinning architectures. 
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Figure 6. Influence of Y-211 precursor powder size on single-grain growth morphology and final microstructure. 
(a, b) Top surface view and (c, d) corresponding optical micrographs of YBCO single grains fabricated from 
coarse Nexans Y-211 powder (a, c) and fine Toshima Y-211 powder (b, d). Image from [27] under the terms of 
the CC BY 3.0. 

The final properties of REBCO superconductors are critically determined by the identity, scale, 
and uniformity of the phase distribution resulting from phase separation. RE-211 particles serve as 
the primary natural pinning centers in REBCO superconductors. Their pinning mechanism originates 
primarily from defects such as dislocations and stacking faults, which are generated at the RE-211/RE-
123 interface due to laĴice mismatch [49,50]. Consequently, the optimization of RE-211 particle size 
and distribution represent a key approach to increasing the effective pinning site density [18], thereby 
improving critical current performance. For instance, the Jc of RE-Ba-Cu-O bulk superconductors can 
be markedly improved by refining the RE2BaCuO5 (RE211) phase through several methods, including 
the optimization of solidification conditions [21,45,51], the addition of the second phases [29,35,52,53] 
(such as, CeO2, Pt, and Y2Ba4CuNbOy). 

However, in REBCO superconductors, the formation of a solid solution is detrimental, as it 
disrupts phase homogeneity, resulting in a severe degradation of both Tc and Jc [35,45]. Besides, an 
inhomogeneous macroscopic distribution of the RE-211 phase can lead to uneven current transport 
paths and the formation of local weak links, which consequently degrades the overall trapped field 
performance [54–57]. In response to these challenges, a range of integrated strategies has been 
developed to further optimize the growth uniformity of single-domain REBCO. These strategies 
include the optimization of seeded growth techniques, precise control over the composition and 
distribution of the RE-211 phase in precursor powders, and the implementation of buffer layers 
[1,14,20,45]. Complementing the compositional and process engineering approaches discussed above, 
these methods are designed to suppress macro-segregation and structural defects on a larger scale. 
Collectively, they provide a more comprehensive technological pathway for achieving reliable 
fabrication of high-performance REBCO superconductors. 

2.2. Bi-2212 

The properties of precursor powders and their processing conditions are critical factors that 
determine the final performance, particularly the Jc, of Bi-2212 superconducting wires and coils. The 
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stoichiometry and phase assemblage of the powder fundamentally control the reaction pathway 
during subsequent heat treatments. While precursor powders with a nominal “521” composition 
(Bi2.17Sr1.94Ca0.89Cu2Ox) are widely utilized, the fabrication route, whether co-precipitation or spray 
combustion, can lead to significant differences in phase purity and distribution, which directly 
impacts the wire performance [58,59]. The uniformity of the calcination process is largely governed 
by powder packing and heating protocols. It has been demonstrated that high heating rates or 
densely packed powders can trap CO2 released during carbonate decomposition. This entrapment 
creates a locally reduced oxygen partial pressure, which lowers the melting point of Bi-oxide phases 
and induces premature melting at temperatures as low as 740 ℃. Such melting is detrimental as it 
promotes phase separation, grain coarsening, and overall precursor inhomogeneity, ultimately 
degrading Jc [60]. To preserve homogeneity and avoid the formation of this transient melt, a loosely 
packed powder bed combined with moderate heating rates is required to ensure adequate gas 
exchange. 

Furthermore, the calcination temperature itself dictates the phase assemblage and morphology 
of the precursor powder. Low-temperature calcination (e.g., 710 ℃) yields a homogeneous mixture 
of fine, intermediate phases. These phases are considered favorable as they lead to a more uniform 
peritectic decomposition during the final partial melt processing, thereby supporting a high Jc. In 
contrast, high-temperature calcination promotes the formation of large, plate-like grains (such as the 
2201 phase), which contribute to compositional inhomogeneity on a larger scale and are correlated 
with reduced current-carrying capacity [60]. 

Bi-2212, as a representative high-temperature superconducting cuprate, is a promising 
candidate for high-field magnet applications due to its excellent processability, such as the ease of 
fabricating isotropic round wires, and its potential for high Jc under high magnetic fields. However, 
similar to many complex oxides, Bi-2212 is highly susceptible to phase separation during 
solidification from the high-temperature melt or subsequent heat treatment, resulting in a complex 
microstructure that influences its superconducting properties. This section systematically discusses 
the control of phase separation in Bi-2212 and its correlation with performance from two perspectives: 
compositional doping and processing techniques. 

2.2.1. Powder Doping Strategies for Microstructural Optimization 

In the Bi-2212 system, elemental doping serves as an important means to regulate phase 
separation behavior during solidification and ultimately tailor the superconducting properties. The 
primary objective lies in optimizing the microstructure to enhance key performance parameters such 
as the Jc and Tc. Studies indicate that rational selection of doping elements combined with precise 
control of processing conditions can significantly improve performance. For instance, the addition of 
Ag under low oxygen partial pressure promotes c-axis texturing and suppresses pore formation, 
which is beneficial for increasing Jc [61]. Partial substitution of Ca2+ by an appropriate amount of Na+ 
(e.g., x = 0.10) can elevate Jc to 1.35×105 A/cm2 at 10 K, while at x = 0.075, Tc is optimized to 
approximately 93.3 K. This enhancement is primarily aĴributed to increased grain size, improved 
texture, and a reduction in secondary Bi-2201 phase content [62]. Nane et al. confirmed that Na 
doping (x = 0.075) can raise Jc in textured ceramics to 1.38×105 A/cm2 at 10 K [63]. 

As shown in Figure 7 [64], when Na doping is low (x ≤ 0.02), the sample is mainly the Bi-2212 
phase with good texture. However, when doping increases to 0.05 at% or higher, clear peaks of the 
non-superconducting Bi-2201 phase appear (▽). This shows that too much Na causes the Bi-2212 
phase to break down during sintering, leading to harmful phase separation. This separation reduces 
the superconducting phase, breaks grain connections, and can weaken the benefits of low doping. 
Therefore, Na doping works best within a certain range, enough to improve pinning, but not so much 
that it causes bad phase separation. 
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Figure 7. XRD paĴerns of SPS-sintered Bi-2212 bulks with different Na doping contents (x = 0, 0.02, 0.05, 0.10 
at%). Adapted from [64] (CC BY 4.0). 

Moreover, Pb doping, when its content exceeds a certain threshold (e.g., x ≥ 0.4), induces a 
distinct phase separation characterized by a two-phase lamellar microstructure. The interfaces in this 
structure are oriented perpendicular to the CuO2 planes and can effectively suppress thermally 
activated flux flow, leading to a notable enhancement of both Jc and the irreversibility field Hirr [65]. 

However, doping may also lead to detrimental phase separation or introduce impurity phases 
that degrade performance. For example, Ag can react with the oxide melt during partial melting to 
form Ag-rich Cu dendritic phases (such as Ag0.98Cu0.02 and Ag0.24Cu0.76) [66]. These dendritic phases 
may disrupt the connectivity between Bi-2212 grains, constituting a microstructural factor that limits 
Jc. Excessive partial substitution of Cu2+ by Ti4+ introduces impurity phases such as SrTiO3 and alters 
laĴice parameters, subsequently causing significant reductions in Jc and Tc [67]. The origin of these 
performance variations lies in the profound influence of Ag doping on the phase equilibria, 
solidification pathway, and microstructural evolution within the Bi-2212 system. The addition of Ag 
markedly lowers the primary crystallization temperature of the 2212 phase and modifies the type 
and stability of equilibrium solid phases within the melt (e.g., promoting the formation of (11) and 
(21) phases while suppressing the stability of the (9115) phase) [68]. Concurrently, Ag dissolves into 
the liquid phase, lowering the system’s melting point and reducing the Cu content in the melt [69]. 
These changes subsequently affect texture formation, densification, and intergranular connectivity, 
ultimately optimizing the superconducting properties. 

Pb doping has long been recognized for its favorable improvements in the Bi-2212 phase [70]. 
By substituting Bi3+ with Pb2+, it increases the formal Cu valency and thus the number of hole charge 
carriers [71], leading to a sizable enhancement in Jc under magnetic field at an optimal Pb content of 
x = 0.16 [72]. Simultaneously, Pb doping significantly reduces the melting point of the Bi-2212 phase 
and alters its decomposition path upon melting, causing it to decompose into a liquid phase and (Sr, 
Ca)CuO2 in air [73]. Microstructural analyses of high-performance Bi-2212 conductors further reveal 
that after melt processing, Bi-2212 grains commonly exhibit a composition characterized by Bi excess 
and alkaline-earth deficiency, along with numerous Bi-2201 intergrowth structures and 
amorphous/nanocrystalline layers. These microstructural features are closely linked to the conductor 
geometry (e.g., round wires) and their specific melt-processing history [74]. 
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Figure 8 presents the Scanning Electron Microscopy (SEM) images of the surface morphologies. 
Platelet-like grains, with sizes around 10 µm, which dependent on the synthesis and sintering 
procedures, are observed in the reference sample. The influence of doping on morphology is found 
to follow two opposite trends depending on the dopant element. Moderate doping with Zn or Ti is 
associated with an increase in platelet size. At higher Ti concentrations, as in sample Ti10, a notably 
compact structure is formed, characterized by merged layers and intersected by only a few tubular 
cavities. The surfaces of the platelets appear clean and smooth, with neat borders. In contrast, samples 
doped with Y and Nd exhibit smaller flat flakes, approximately 2 µm in size. The flake size is observed 
to decrease with increasing dopant content, approaching a granular aspect ratio in sample Y05. 

 

Figure 8. SEM micrographs demonstrating the distinct morphological evolution of Bi-2212 grains induced by 
different dopant elements. Reproduced from [75] under the terms of the Creative Commons AĴribution license. 

The preceding discussion elucidates, from a mechanistic perspective, the influence of various 
elemental dopants on the phase separation and properties of Bi-2212. To provide a more direct 
comparison of the quantitative enhancement in superconducting current-carrying capability 
achieved by different doping strategies, Table 3 summarizes the self-field Jc data for representative 
doped Bi-2212 samples. As can be seen, appropriate doping with Na or K significantly enhances Jc, 
particularly at low temperatures (10 K or 4.2 K), where the improvement can reach up to an order of 
magnitude. This offers clear experimental evidence for optimizing Bi-2212 performance through 
compositional design. 
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Table 3. Self-field Jc of doped Bi-2212 at 4.2 K and 10 K, respectively. 

Sample Temperature Dopant Jc (A/cm2)  

Bi2Sr2Ca1-xNaxCu2O8+δ 10 K 
Undoped 0.81×105 

[62] 
0.1-Na 1.33×105 

Bi2Sr2Ca1-xNaxCu2O8+δ 10 K 
Undoped 0.34×105 

[63] 
0.075-Na 1.38×105 

Bi2Sr2-xCaCu2O8+δ 4.2 K 
Undoped 3.6×104 

[76] 
0.02-Yb 4.6×104 

Bi2Sr2Ca1−xKxCu2O8+δ 4.2 K 
Undoped 4.4×104 

[77] 
0.05-K 12.8×104 

In summary, the precise doping with elements such as Ag, Na, and Pb enables the 
thermodynamic and kinetic regulation of the phase equilibria and solidification pathway in the Bi-
2212 system, thereby optimizing its microstructure and superconducting properties. In addition to 
compositional design, processing parameters are also recognized as exerting a decisive influence on 
phase separation behavior, which will be discussed in detail in the following section. 

2.2.2. Thermal Processing of Bi-2212 Powders for Enhanced Connectivity 

The fabrication of Bi-2212 round wires is typically carried out by the powder-in-tube (PIT) 
method, in which Bi-2212 precursor powder is packed into silver tubes and subsequently drawn into 
multifilamentary wires. The quality of the starting powder, including its phase purity, particle size, 
and flowability, is considered to have a direct influence on the fill factor, filament uniformity, and 
ultimately the critical current density of the final wire [78]. Processing parameters critically govern 
phase separation and superconducting properties in Bi-2212. For powder-in-tube (PIT) 
multifilamentary round wires, atmospheric pressure (1 bar) heat treatment leads to poor connectivity 
from bubbles and pores formed during melting, severely limiting Jc. Conversely, applying an 
overpressure heat treatment (100 bar) effectively suppresses bubble formation and enhances Bi-2212 
phase densification. This leads to an eightfold increase in the engineering current density (Je) and 
successfully generates an additional field of 2.6 T within a 31.2 T background field, demonstrating its 
potential for high-field magnet applications [5]. Further research by Nachtrab et al. on optimizing Bi-
2212/Ag wire performance via a single-stack multifilamentary process revealed that increasing the 
superconductor fill factor (to 35-40%) and reducing the single filament diameter (below 18 µm) 
significantly enhance both Jc and n value, while the influence of filament spacing (s/d) is relatively 
minor [78]. This provides crucial guidance for wire design aimed at MRI applications. 

Oxygen partial pressure and temperature schedule during heat treatment also profoundly affect 
phase composition and microstructure. Comparative studies by Holesinger et al. on melt processing 
under oxygen and argon atmospheres showed that melting in argon followed by annealing in oxygen 
yields a more uniform microstructure compared to melting and annealing entirely in oxygen. This 
process forms dominant Bi2Sr3-xCaxO7 and Cu2O/CuO eutectic structures, with the final annealing step 
recovering the 2212 phase with a relatively high Tc of approximately 88-89 K [79]. In-depth research 
by Marinkovic et al. demonstrated that within the temperature range of 865-900 ℃, the peritectic 
melting of Bi-2212 exhibits two distinct regimes. Below 890 ℃, incomplete melting occurs, forming a 
small amount of fine second phases such as (Sr, Ca)14Cu24O41 and Bi5Sr11Ca5O4. However, insufficient 
oxygen uptake results in a low superconducting volume fraction. Above 890 ℃, complete melting 
takes place. Although this generates a larger quantity of coarse second phases, sufficient oxygen 
absorption significantly increases the proportion of the Bi-2212 phase, consequently achieving a Jc as 
high as 1000 A/cm2 at 77 K in self-field [80]. Investigations of crystal growth in the Bi-Sr-Ca-Cu-O 
system by Kameneva et al. revealed that slow cooling after high temperature (≥ 1000 ℃) 
homogenization leads to the quantitative formation of a red eutectic structure composed of a Bi16(Sr, 
Ca)14O38 matrix with Cu2O rod-like precipitates. The formation of this structure indicates the presence 
of numerous 2201-type stacking faults within the grown 2212 crystals, revealing a connection 
between the solidification path and crystal defects [81]. Finally, research by Imayev et al. showed that 
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applying a quasi-hydrostatic pressure of about 10 MPa can raise the melting point of Bi-2212 by 
approximately 60 ℃ and alter its decomposition products. At atmospheric pressure, a Cu-poor (Sr, 
Ca)CuO2 phase forms, whereas under pressure, a Cu-rich (Sr, Ca)14Cu24O41 phase is produced. This 
indicates that pressure enhances the thermal stability of the material by suppressing structural 
instability, likely through the locking of apical oxygen within the laĴice [82]. 

In summary, a range of strategies has been developed to optimize the phase evolution and 
superconducting performance of Bi-2212. As discussed throughout this section, the introduction of 
dopants such as Ag, Na, and Pb has been widely employed to regulate phase equilibria and refine 
the resulting microstructure [61–66,68–73]. Concurrently, careful optimization of heat treatment 
parameters, including atmosphere control, overpressure processing, and precise temperature 
scheduling, has been demonstrated to be critical for enhancing densification and intergranular 
connectivity [5,78–81]. For instance, doping with Ag or TiO2, combined with optimized thermal 
processing, has been shown to effectively refine the microstructure, reduce porosity, and enhance the 
critical current density in high-field applications [5,67,82,83]. These complementary approaches, 
rooted in both compositional design and process engineering, form the foundation for achieving 
reliable, high-performance Bi-2212 conductors suitable for demanding magnet applications. 

3. Powder Processing of FeSeTe: From Elemental Mixtures to Superconducting 
Phases 

In the preparation of Fe(Se,Te) superconductors, the precise handling of precursor powders is 
established as a fundamental prerequisite for achieving optimal final performance. Initially, the 
weighing and mixing of high-purity elemental powders (Fe, Se, Te) must be conducted within a high-
purity inert atmosphere (e.g., an argon-filled glove box) to rigorously avoid oxidation or hydration. 
Even minor oxygen or moisture contamination can introduce magnetic impurities such as Fe2O3, 
which are detrimental to superconductivity [84–86]. Mechanical processing of the powder mixture 
significantly influences the kinetics of subsequent reactions. The application of high-energy ball 
milling (HEBM) has been demonstrated to directly form Fe-Se-Te ternary compound precursors via 
mechanical alloying, while concurrently refining particle size and shortening atomic diffusion paths. 
This approach fundamentally mitigates volume expansion and porosity caused by the volatilization 
of liquid Se and Te during conventional sintering. Consequently, the density of the sintered body is 
substantially increased from 2.29 g/cm3 to 5.61 g/cm3, enabling the fabrication of high-performance 
samples at reduced sintering temperatures and durations [87]. 

The emergence of iron-based superconductors (IBSCs) has stimulated extensive investigation 
into their synthesis, motivated by their exceptional upper critical fields and high critical current 
densities [88–91]. Owing to its structural simplicity, high upper critical field, and low toxicity, the 
Fe(Se, Te) system, a prominent member of the “11” family, is considered a promising system for 
applied studies [92–97]. Bulk solidified Fe(Se, Te) materials have been the subject of extensive 
research as promising candidates for practical applications. 

Similar to REBCO, the superconducting properties of FeSeTe bulk materials, such as Jc and flux 
pinning capability, are also strongly influenced by their microstructure. Due to the presence of a 
miscibility gap in the FeSeTe system [98,99], macroscopic phase separation readily occurs during 
solidification from the high-temperature melt, resulting in the formation of Se-rich and Te-rich phase 
regions [10,100,101]. 

The superconducting performance of the material is ultimately dictated by its microstructural 
architecture, where the morphology of phase separated regions and the degree of chemical 
homogeneity critically determine the efficacy of flux pinning and the current carrying capacity across 
grain boundaries [8,9,100,101]. Furthermore, the solidification pathway and subsequent thermal 
processing significantly influence the precipitation behavior of secondary phases (e.g., the hexagonal 
δ-FeSe or Fe7Se8 phase), the elemental distribution, and the concentration of interstitial iron, which 
serve as pivotal parameters for optimizing Jc and pinning performance [8,99,102–105]. 
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This chapter provides a systematic review of the phase separation phenomena in FeSeTe 
materials during solidification. It focuses on the strategies for its control through composition design 
and processing parameters, and analyzes the influence of the resulting microstructures on 
superconducting properties. 

3.1. Powder Modification via Doping and Stoichiometry Control 

FeSeTe polycrystalline materials are typically prepared by solid-state reaction using elemental 
Fe, Se, and Te powders as starting materials. The mixing and ball milling conditions, including 
milling time, speed, and medium, are known to influence the homogeneity of the elemental 
distribution. This homogeneity, in turn, affects the formation of the superconducting phase and the 
extent of phase separation during subsequent sintering [8,101]. The phase composition and 
distribution in FeSeTe materials can be precisely manipulated through adjustments in stoichiometry 
or the introduction of dopant elements, thereby enabling subsequent optimization of their 
superconducting properties. 

The Se/Te ratio serves as a critical factor in determining the phase composition of the FeSe1-xTex 
system. An optimal ratio near x = 0.5 facilitates a homogeneous microstructure dominated by the 
superconducting Fe(Se, Te) phase and minimizes the formation of detrimental secondary phases 
[102,106,107]. 

The incorporation of a new element or compound is an effective approach for tailoring the 
microstructure of FeSeTe. By introducing a new element or specific compounds, it is possible to 
optimize grain structure, suppress the formation of detrimental phases, and introduce effective flux 
pinning centers. Consequently, the superconducting properties, particularly Jc, can be significantly 
enhanced. 

The effects of transition metal doping on the superconducting properties of the Fe(Se, Te) system 
have been extensively investigated. In a systematic study on Fe0.95TM0.05Se0.5Te0.5, for instance, Zhang 
et al. reported that doping with Mn or Co only slightly modifies Tc, even leading to a minor 
enhancement [108]. In contrast, the introduction of Ni or Cu completely suppresses 
superconductivity. Gawryluk et al. systematically evaluated the doping behavior of multiple 
elements, including Co, Ni, Cu, Mn, Zn, Mo, Cd, and In, in FeTe1-xSex single crystals. Their results 
indicated that only Co, Ni, and Cu can effectively substitute for Fe sites in the laĴice [109], whereas 
the other elements predominantly formed secondary-phase inclusions, consequently modifying the 
matrix composition and affecting Tc. Building on this, the study by Liu et al. further demonstrates 
that trace Co doping (<1 at %) in FeSe0.4Te0.6 single crystals successfully incorporates Co at the Fe sites, 
resulting in a slight contraction of the laĴice parameters and a significant enhancement of Jc under 
high magnetic fields [110]. 

In addition to transition metal dopants, non-metal element doping has proven to be highly 
effective in tailoring the microstructure and superconducting performance. A prominent example is 
fluorine doped Fe(Se, Te), where F doping is found to induce a distinctive dual-oscillation effect [9]. 
Firstly, the microstructure of the undoped sample is typical of phase separation during melting. 
Remarkably, F doping triggers a dramatic change, leading to a pearlite-like morphology, defined by 
the periodic alternation of the β-Fe(Se, Te) and δ-Fe(Se, Te) phases. This self-organization is a direct 
consequence of altered phase formation kinetics induced by the fluorine. Secondly, a chemical 
compositional oscillation occurs due to inhomogeneous distribution of Se and Te within the β-phase. 
These dual oscillations collectively change the primary flux pinning mechanism from surface pinning 
to Δκ pinning, thereby promoting a substantial improvement in both Jc and Hc2. 

Furthermore, the addition of FeF2 transforms the phase-separation morphology from typically 
irregular, flower-like paĴerns into a macroscopically ordered structure characterized by 
submillimeter-scale striations aligned along the c-axis [10]. As shown in Figure 9, the backscaĴered 
electron images clearly illustrate this morphological transition: the FeF2-free sample exhibits a typical 
flower-like Se-rich phase distribution (Figure 9a), while the FeF2-added sample displays a regular, 
striated morphology with alternating Se-rich and Te-rich phases (Figure 9b). Comprising the well-
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defined phases FeSe0.6Te0.4 and FeSe0.4Te0.6, this configuration enhances phase purity, leading to the 
induction of a Δκ pinning mechanism. Consequently, a superior superconducting performance is 
achieved, characterized by simultaneous enhancements in Tc, Hc2, and Jc. 

 

Figure 9. BSE images of the (a) FeF2-Free sample and (b) FeF2-added sample, all polished along the c-axis. From 
Ref. [10] under CC BY-NC-ND 4.0. 

The significant improvement in current carrying capacity is directly evidenced by the magnetic 
field dependence of Jc. As shown in Figure 10, at 4.2 K, the FeF2-added sample with macroscopically 
ordered phase separation exhibits substantially higher Jc values than its FeF2-free counterpart across 
the entire field range, especially under high magnetic fields (e.g., 7 T). This demonstrates that the 
ordered phase separation structure effectively enhances flux pinning and mitigates the suppression 
of Jc by magnetic fields. 

 

Figure 10. Magnetic field dependence of Jc at 4.2 K for (a) FeF2-free and (b) FeF2-added Fe(Se, Te) samples. Data 
in panels (a) and (b) are reploĴed from panels (c) and (d) of Figure 6 in Ref. [10], CC BY-NC-ND 4.0. 

The underlying change in flux pinning mechanism is revealed by analyzing the normalized 
pinning force. As shown in Figure 11, the scaling behavior of the pinning force (fp) as a function of 
reduced field (H/Hirr) differs significantly between the two types of samples. For the common phase 
separated sample (Figure 11a), the dominant pinning mechanism shifts from point pinning to surface 
pinning as temperature increases. In contrast, the sample with macroscopically ordered phase 
separation (Figure 11b) exhibits the emergence of Δκ pinning at low temperatures, and the transition 
to surface pinning is notably delayed. This indicates that the regular, stoichiometry-defined phase 
boundaries in the ordered structure create a more effective and thermally stable pinning landscape. 
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Figure 11. Normalized pinning force fp as a function of reduced field H/Hirr for (a) FeF2-free and (b) FeF2-added 
Fe(Se,Te) samples at various temperatures. Data in panels (a) and (b) are reploĴed from panels (e) and (f) of 
Figure 6 in Ref. [10], CC BY-NC-ND 4.0. 

A co-doping strategy employing Ag and O was developed by Liu et al. to concurrently improve 
intergranular connectivity and flux pinning in Fe(Se, Te) polycrystals [111]. Ag segregated at grain 
boundaries to enhance current transport, while oxygen from SeO2 mitigated the detrimental 
interstitial Fe by forming Fe2O3 precipitates that acted as effective pinning centers. This approach 
resulted in an approximate 4.7-fold increase in Jc at 8 T and 5 K for the 0.05 Ag/O Co-doped sample. 
Similarly, Chen et al. reported that trace Sn doping in FeSe0.5Te0.5 bulks promoted the formation of a 
near-stoichiometric superconducting phase and suppressed secondary phases, leading to improved 
microstructural homogeneity [104]. This structural refinement resulted in a self-field Jc of 9×103 A/cm2 
at 4.3 K and a retained Jc of 4×102 A/cm2 at 5 T, indicating a significant enhancement of in-field current 
transport. To provide a more intuitive comparison of the impact of different doping strategies on the 
current carrying performance of FeSeTe superconductors, Figure 12 summarizes the Jc-H curve for 
representative doped samples at 5 K. The curves clearly illustrate that the Co-doped [110] sample 
exhibits superior field dependence performance, maintaining the highest Jc values across the entire 
field range (0-5 T). In contrast, the other doped samples (e.g., F-doped [9,10], Cl-doped [15], and Ag/O 
co-doped [111]) show varying degrees of field suppression. While their Jc degradation trends share a 
broadly similar downward trajectory, differences in absolute Jc values are evident, particularly at 
intermediate and high fields. This direct comparison confirms the unique efficacy of Co doping in 
creating flux-pinning centers and demonstrates that the other dopants, despite showing some 
improvement, are less effective than Co in mitigating field induced suppression of Jc. 

 
Figure 12. Comparison of the Jc for various doping strategies in FeSeTe superconductors. 
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Collectively, the doping strategies discussed above operate through a common underlying 
principle: the induction of structural and compositional modulations within the Fe(Se,Te) matrix. As 
demonstrated with elements such as F, Sn, Co, or Cl, these modulations effectively alter the flux 
pinning landscape, introducing novel pinning mechanisms (e.g., Δκ pinning) or refining the existing 
pinning architecture [9,10,15,110,112]. Consequently, a substantial enhancement in high-field 
performance, particularly in terms of Jc, has been consistently achieved across various doping 
systems. Figure 12 provides a direct comparison of the influence of different doping strategies on the 
magnetic field dependence of Jc at 5 K. The data clearly illustrate that while all modifications enhance 
performance to some degree, Co doping exhibits a superior ability to mitigate field-induced 
suppression of Jc across the entire measured field range. To allow a more systematic evaluation of the 
performance differences among the doping systems, Table 4 summarizes the Jc values of 
representative FeSeTe polycrystalline samples at self-field and at 5 T, covering both undoped and 
chemically doped cases. These data offer a quantitative basis for comparing the effectiveness of the 
various doping approaches. 

Table 4. Summary of Jc values at self-field and 5 T for undoped and doped FeSeTe polycrystalline samples from 
literature [9,10,15,104,110,111]. 

Polycrystal Temperature Doping  
Condition 

Jc  
(0T, A/cm2) 

Jc  
(5T, A/cm2) 

 

CoxFe1−xSe0.4Te0.6 5 K 
Undoped 1.8×104 0.4×104 

[110] 
0.003-Co 7.4×104 4.1×104 

FeSe0.5-xTe0.5Fx 5 K 
Undoped 6.3×104 1.1×104 

[10] 
FeF2-0.025 8.2×104 1.3×104 

FeSe0.5-xTe0.5Fx 5 K Undoped 1.9×104 0.3×104 [9] 
FeF2-0.025 2.1×104 0.6×104 

FeSe0.5Te0.5 4.3 K 
Undoped 0.9×104 6.3 

[104] 
Sn-5wt% 0.6×104 430.9 

FeSe0.5-xTe0.5Clx 5 K Undoped 1.9×104 0.3×104 [15] 
FeCl2-0.025 2.5×104 0.5×104 

FeSe0.5-xTe0.5(SeO2+Ag)x 5 K 
Undoped 1.5×104 0.3×104 

[111] 
0.05 Ag+SeO2 3.4×104 0.9×104 

3.2. Sintering and Annealing: Transforming FeSeTe Powders into High-Performance Bulks 

The solidification pathway, which encompasses cooling rate, thermal gradient, and post-
processing heat treatment, exerts a decisive influence on the phase distribution and microstructure 
evolution in FeSeTe superconductors. 

In the Fe(Te, Se) system, rapid cooling or high growth rates promote elemental segregation of 
Te and Se at the microscale, resulting in phase separation into Te-rich and Se-rich nanodomains. The 
work of Masi et al. confirms that rapid cooling promotes Te/Se elemental segregation in melt-
processed FeSe0.5Te0.5, giving rise to a phase-separated microstructure consisting of a Te-rich 
tetragonal matrix and Se-rich dendrites [8]. This compositional and structural heterogeneity directly 
degrades the superconducting performance, evidenced by a reduction in Tc. Terao et al. further 
demonstrated through single-crystal growth experiments that a large temperature gradient induces 
an inhomogeneous distribution of Se and Te, leading to the broadening of XRD peaks and a 
degradation in the sharpness of the superconducting transition [106]. Besides, a comparative study 
by Galluzzi et al. on Fe(Se, Te) samples synthesized via the Bridgman and Self-flux methods revealed 
that the Bridgman-grown sample, benefiting from a slower cooling rate and superior temperature 
control, exhibits a higher Jc and a more homogeneous microstructure [113]. The 2020 study by Masi 
et al. further elucidated that while rapid quenching from high temperature preserves the high-
temperature hexagonal phase and leads to a coarse core-shell microstructure detrimental to 
superconducting performance, optimized annealing (e.g., at 440 ℃ for 740 h) can significantly 
enhance the current carrying capability: the Jc at 4.2 K increased from 0.6 × 104 A/cm2 to 1 × 104 A/cm2 
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at self-field, and from 0.1 × 104 A/cm2 to 0.3 × 104 A/cm2 at 5 T, accompanied by a markedly reduced 
field dependence [100]. Moreover, nanoscale Te/Se phase separation, manifested as hexagonal phase 
regions and compositional fluctuations, has been linked to rapid crystal growth in Fe(Se, Te) systems 
[114,115]. In conclusion, controlling the temperature gradient and cooling rate during directional 
solidification presents an effective strategy for tailoring elemental distribution and grain orientation, 
thereby mitigating macro-segregation and optimizing superconducting performance. 

Thermal processing, including annealing and cyclic sintering, is a critical post-processing step 
for optimizing the phase purity, microstructure. Investigations confirm that the annealing 
temperature is a decisive parameter for controlling the phase composition and elemental distribution 
within the material. For instance, annealing at 550 ℃ effectively mitigates compositional 
inhomogeneity within the primary tetragonal phase and enhances superconducting uniformity [99]. 
In contrast, prolonged annealing at 680 ℃ facilitates the transformation of dendritic precipitates from 
a core-shell to a lamellar morphology. This structural evolution promotes elemental interdiffusion, 
induces the separation of distinct superconducting phases, and significantly improves both the high-
field Jc and flux pinning capability [101]. The evolution of secondary phases is also governed by the 
annealing temperature. For example, a high-temperature hexagonal phase can transform into either 
a trigonal Fe7Se8-type or an orthorhombic FeTe2-type structure [100]. Multiple sintering cycles have 
been shown to effectively reduce the content of non-superconducting secondary phases and enhance 
the superconducting volume fraction. As reported by Miao et al., three-cycle sintering yields the best 
performance, achieving a self-field Jc of 1.77 × 104 A/cm2 at 4 K [116]. Simultaneously, heat treatment 
is utilized to control the size and distribution of magnetic secondary phases, such as Fe7(Te, Se)8, 
alleviate structural stress, and facilitate elemental homogenization [114,117]. These processes 
collectively inhibit harmful phase separation, which in turn results in a synergistic improvement of 
the superconducting and magnetic performance. In summary, a rationally designed heat treatment 
process facilitates the formation of the primary FeSeTe phase and reduces the content of non-
superconducting phases, resulting in a systematic improvement of the overall superconducting 
properties [99–101]. 

4. The Role of Boron and Magnesium Powders in Defining MgB2 Microstructure 

The quality of the boron precursor is a primary determining factor. High-purity (e.g., 99%) 
amorphous boron powders with a nanoscale particle size are fundamental for achieving superior 
superconducting properties [118]. Nanosized boron facilitates the formation of fine MgB2 grains, 
which is crucial because grain boundaries are the dominant flux pinning centers in this material 
[11,119,120]. A higher density of grain boundaries directly enhances Jc, particularly in high magnetic 
fields. Conversely, the use of lower-purity boron powders (e.g., 90% or 96%) leads to the introduction 
of oxide impurities like B2O3 and results in larger, less reactive particles, significantly degrading the 
final sample performance even after purification aĴempts [118]. The crystallinity of boron 
(amorphous versus crystalline) also dictates its reactivity during the in-situ reaction [11]. The 
magnesium precursor is equally important; precise control of the Mg:B molar ratio, ideally 1:2, is 
required to avoid the formation of non-superconducting secondary phases such as MgB4 or residual 
Mg. 

The reactivity of magnesium necessitates stringent control over oxygen exposure. MgO is an 
almost ubiquitous secondary phase in MgB2 samples. While a fine dispersion of nanoscale MgO 
particles can contribute to flux pinning [11,121], excessive formation of this phase is detrimental. Bulk 
MgO segregates at grain boundaries, severely disrupting intergranular connectivity, broadening the 
superconducting transition, and reducing the effective cross-sectional area for supercurrent flow. 
Therefore, handling of Mg powder in an inert atmosphere (e.g., an argon-filled glovebox) is 
imperative to minimize oxidation [122]. 

Mechanical milling of precursor powders is a widely adopted strategy to enhance performance. 
High-energy ball milling refines particle size, increases surface area, and introduces crystallographic 
defects and internal strain. These defects can evolve into effective pinning centers in the final sintered 
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material. The milling parameters must be optimized carefully. Insufficient milling yields limited 
benefits, whereas excessive milling can introduce contaminants from the milling media (e.g., Fe, W, 
C) and cause particle agglomeration, ultimately degrading performance. The use of a process control 
agent, such as toluene during wet milling, is often employed to prevent excessive cold welding and 
oxidation, resulting in finer and cleaner powders. An alternative and highly effective method for 
particle refinement is ultrasonication. This technique can fracture inexpensive microcrystalline boron 
into nanoscale particles without the contamination risks associated with ball milling, leading to 
enhanced grain boundary pinning in the final MgB2 bulk. 

MgB2 exhibits significant potential for medium-field applications due to its relatively high Tc 
(~39 K), simple crystal structure, low raw material cost, and absence of weak-link problems at grain 
boundaries [123–126]. In contrast to complex oxide superconductors such as REBCO, MgB2 is 
typically synthesized via solid-state reaction. Its superconducting properties are strongly influenced 
by the microstructure, particularly the grain size, density, and distribution of secondary phases 
[119,127]. Although the synthesis of MgB2 typically does not involve complex peritectic reactions, 
phase separation during its solidification from high-temperature melts (or precursor reactions) 
remains critical, as it governs the grain boundary characteristics, distribution of secondary phases, 
and ultimately, the current carrying and flux-pinning capabilities. Therefore, precise control of phase 
separation through tailored composition and processing is essential for optimizing the 
superconducting performance of MgB2, particularly its Jc in high magnetic fields. 

This introduction will establish the focus of this chapter, optimizing the superconducting 
properties of MgB2 by controlling phase separation through tailored composition and processing. 

4.1. Doping and Nano-Additives: Engineering Flux Pinning at the Powder Stage 

MgB2 superconductors are typically synthesized via solid-state reaction, either from Mg and B 
powders (in-situ route) or from pre-reacted MgB2 powder (ex-situ route). The characteristics of the 
boron powder, including whether it is amorphous or crystalline, its purity, and its particle size, are 
considered to play a decisive role in determining the reaction kinetics, phase formation, and 
ultimately the superconducting properties [127]. Likewise, dopants such as SiC, C, or Y2O3 are 
introduced through powder mixing or ball milling, and the dispersion homogeneity of these nano-
additives is known to directly influence the density and distribution of flux pinning centers [16,17]. 
The introduction of specific dopants or second-phase nanoparticles represents one of the most 
effective strategies for tailoring the microstructure of MgB2 and inducing beneficial phase separation. 

Research indicates that even at low doping levels (x > 0.04), macroscopic phase separation occurs 
in carbon-doped MgB2. Papagelis et al. confirmed via AC magnetic susceptibility measurements that 
the MgB2-xCx (0 ≤ x ≤ 0.1) system exhibits multi-phase coexistence at x > 0.04, while still maintaining 
full diamagnetism [128]. This phenomenon was initially demonstrated by Maurin et al. using high-
resolution synchrotron X-ray diffraction, which revealed extremely low carbon solid solubility and 
the presence of multiple AlB2-type structural phases with distinct laĴice parameters a when x > 0.04, 
although a single-step superconducting transition was still observed in DC magnetization. 
Subsequent studies have shown that controlled nanoscale carbon doping can effectively introduce 
flux pinning centers, substantially enhancing Jc [120]. Through Raman spectroscopy, Arvanitidis et 
al. found that at x > 0.04, the disorder-related ω peak intensity increases significantly, and the full 
width at half maximum of the E2g mode reflects the competing effects of weakened electron-phonon 
coupling and enhanced disorder [129]. Regarding Jc improvement, Yeoh et al. demonstrated that 
combining nano-carbon doping with high-temperature sintering (900 - 1000 ℃) can enhance the 
magnetic Jc of MgB2 bulks by two orders of magnitude at 5 K and 8 T, and by 33 times at 20 K and 5 
T, while transport Ic in wires increases by 5.7 times at 4.2 K and 12 T, primarily due to carbon 
substitution at boron sites and the homogeneous dispersion of nanoparticles [120]. In addition, 
Hassan et al. reported that 5% Cu doping significantly improves the response slope, detection limit, 
and stability of MgB2-based electrochemical sensors, extending its application to non-
superconducting fields [130]. Furthermore, Ning and Shi et al. respectively demonstrated that Ag or 
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Sn doping promotes the formation of Mg-Ag or Mg-Sn eutectic liquid phases at relatively low 
temperatures (around 470 ℃), accelerating MgB2 phase formation and facilitating low-temperature 
densification and performance optimization [131,132]. Finally, Adriano et al. compared Mn and C 
doping effects via angle-resolved photoemission spectroscopy, revealing that both cause Fermi 
surface contraction of the σ band, but Mn leads to more pronounced Tc suppression due to magnetic 
impurity-induced Abrikosov-Gorkov spin-flip scaĴering that disrupts Cooper pairs [133]. 

Compared to SiC-added samples with equivalent nominal content, the (Si+C) samples exhibit 
greater contraction along the a-axis and a higher carbon substitution level (x), leading to more 
significant Tc suppression and laĴice distortion [134]. Although carbon substitution enhances the 
potential for high-field performance, magnetic measurements reveal that at an addition level of 5 
wt.%, SiC doping yields a higher Jc at both 5 K and 20 K. This is aĴributed to the formation of effective 
flux pinning centers such as Mg2Si generated by the reaction of SiC, while avoiding excessive Mg loss 
and the formation of secondary phases caused by intense reactions in the (Si+C) sample. 
Consequently, SiC is considered a superior dopant for low-field applications around 20 K. Dou et al. 
achieved synergistic substitution of Si and C at B sites through SiC nanoparticle doping [17], 
introducing high density dislocations and nanoscale impurities within grains as effective pinning 
centers, which significantly enhanced current carrying performance. Under optimal doping, the 
sample reached a Jc of 1.8×104 A/cm2 at 20 K and 4 T, with a Tc suppression of only 2.6 K. Sumption et 
al. [135] doped wires with 10 mol% SiC and applied a 900 ℃ heat treatment, effectively increasing the 
upper critical field and intra-grain pinning strength. This resulted in an Hirr of 18 T at 4.2 K and a 
maximum pinning force density (Fp) as high as 20 GN/m3, primarily due to enhanced electron 
scaĴering and the formation of effective pinning centers introduced by SiC. Yamamoto et al. [136] 
pointed out that whether B4C or SiC is used as the carbon source, their influence on the 
superconducting properties of MgB2 generally depends on the carbon substitution level for boron, 
specifically manifested as a-axis contraction, Tc decrease, and high-field Jc improvement. However, 
SiC enables effective carbon doping even under low-temperature synthesis conditions, whereas B4C 
relies more on high-temperature reactions, giving SiC a processing advantage. Hapipi et al. [16] 
demonstrated that co-adding 5 wt.% SiC and MgH2 in ex-situ MgB2 can suppress high-temperature 
decomposition of MgB2, thereby improving the purity of the main superconducting phase and 
enhancing intergranular connectivity. Their study revealed that the co-doped sample exhibits a 
significantly refined and densified microstructure compared to samples doped with SiC alone. This 
microstructural optimization, characterized by finer grain size and improved connectivity, provides 
continuous pathways for supercurrent flow and is a key factor contributing to the high self-field Jc of 
2.25×104 A/cm2 achieved at 20 K [16]. 

Further analysis indicates that the enhanced performance also originates from the in-situ 
formation of numerous nanoscale features within the co-doped sample, such as whisker-like MgO 
nanostructures and Mg2Si secondary phases [16]. These nanoscale precipitates act as effective flux 
pinning centers, substantially enhancing the current-carrying capability under applied magnetic 
fields. Therefore, the co-doping of SiC and MgH2 enables the synergistic optimization of both 
intergranular connectivity, which governs macroscopic current percolation, and nanoscale pinning 
centers, which govern microscopic flux pinning, leading to an overall improvement in the 
superconducting properties of MgB2. 

The efficacy of various doping schemes in enhancing the self-field current carrying capacity of 
polycrystalline MgB2 is quantitatively compared in Table 5. As summarized in Table 5, the baseline 
Jc of undoped MgB2 polycrystals typically falls within the order of 105 A/cm2. Doping with C [120] or 
SiC [17,134] generally leads to a moderate improvement, elevating Jc to the range of 2.7×105 to 7.6×105 
A/cm2. A particularly striking enhancement is observed with Ti [137] substitution in the Mg1-xTixB2 
system, where a Jc of 13×105 A/cm2 is achieved for x = 0.1. Similarly, the addition of Y2O3 [138] 
nanoparticles also yields a significant boost in Jc. This compilation underscores that tailored chemical 
additions, which modify phase separation during processing, are a direct and effective route to 
engineering a higher density of flux-pinning defects and thereby improving the superconducting 
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performance. A comparison of the field-dependent Jc behavior (Figure 13) reveals distinct trends 
beyond the self-field values listed in Table 5. The Ti-doped sample exhibits the highest zero-field Jc, 
but its performance degrades most sharply with increasing magnetic field. In contrast, the other 
doped systems (e.g., C, SiC, and Y2O3) show remarkably similar and more gradual Jc decay profiles 
over the 0-5 T range. This indicates that, while Ti doping creates exceptionally effective pinning 
centers at low fields, the microstructures engineered by other additives provide more stable flux-
pinning landscapes under applied magnetic fields. 

Table 5. Self-field Jc at 20 K for MgB2 polycrystals with various chemical additions. 

Polycrystal Doping Condition Jc (0T, A/cm2)  

MgB2-xCx 
Undoped 2.5×105 

[120] 
0.1-C 2.7×105 

MgB2 
Undoped 2.1×105 

[134] 3 wt%-SiC 3.9×105 
3 wt%-(Si+C) 2.1×105 

MgB2(SiC)x 
Undoped 6.6×105 

[17] 
0.115- SiC 7.6×105 

Mg1-xTixB2 
Undoped 1.9×103 

[137] 
0.1-Ti 13×105 

MgB2 
Undoped 1.0×105 

[138] 
10 wt%-Y2O3 3.4×105 

 

Figure 13. Magnetic field dependence of Jc at 20 K for MgB2 polycrystals with various chemical additions. 

In summary, compositional design strategies, such as the introduction of SiC nanoparticles or 
the co-doping of SiC with MgH2, can effectively generate a high density of nanoscale flux-pinning 
centers in MgB2. These strategies, when coupled with the concurrent improvement in intergranular 
connectivity, enable the synergistic optimization of its superconducting properties. Beyond the 
specific doping strategies discussed above, a broader range of approaches has been explored to 
optimize the MgB2 microstructure. In particular, the incorporation of metallic additives and the 
application of low-temperature activated sintering processes have been shown to play a crucial role 
in facilitating the formation of the superconducting phase, refining grain structure, and mitigating 
oxidation and porosity [12,16,17,138]. These effects are fundamental to achieving high-performance 
bulk materials. 
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The sintering temperature, even under high external pressure, remains a decisive factor in 
determining the phase composition and structural quality of MgB2. Figure 14 illustrates this 
dependency through XRD paĴerns of bulk MgB2 samples processed at temperatures ranging from 
700 to 1100 ℃ under approximately 5 GPa pressure [139]. As the temperature increases, the MgB2 
peaks sharpen and shift slightly, indicating improved crystallinity and laĴice relaxation. However, 
beyond 900 ℃, distinct diffraction peaks of MgB4 and MgO emerge, signaling the onset of significant 
decomposition of the superconducting phase. This temperature-induced phase separation 
underscores the delicate balance required in processing: excessive temperature stabilizes non-
superconducting phases, degrading the overall current-carrying capability. 

 
Figure 14. XRD paĴerns of MgB2 bulk samples sintered at different temperatures under high pressure (~5 GPa). 
The inset highlights the evolution of the (002) and (110) peaks. Adapted from [139] under the terms of the CC 
BY 4.0 license. 

4.2. Sintering Routes: From Powder Compacts to Dense Superconducting Bulks 

The synthesis and post-processing parameters critically determine the phase purity, grain size, 
and distribution of secondary phases in MgB2. 

Among these, low-temperature sintering technology is regarded as a highly promising approach 
due to its ability to effectively suppress MgO formation and reduce grain size, thereby offering the 
potential to enhance Jc. Huang et al. developed an innovative low-temperature sintering route 
utilizing Mg(BH4)2 as a precursor [140]. Their work successfully demonstrated the synthesis of MgB2 
superconductors at temperatures as low as 400-500 ℃. The microstructural evolution was found to 
be critically dependent on both sintering temperature and duration. At the initial stage (e.g., 400 ℃ 
for 2 h), the microstructure consisted of fine, isolated grains with poor intergranular connectivity. As 
the temperature increased and sintering time was prolonged, the grains gradually coarsened and 
coalesced. Ultimately, after sintering at 500 ℃ for 54 hours, a dense microstructure with blurred grain 
boundaries and excellent intergranular connectivity was achieved [140]. 

In the fabrication of MgB2, the influence of different processing routes on phase separation and 
superconducting properties has been extensively investigated. Noudem et al. produced bulk MgB2 
via spark plasma sintering (SPS), which exhibits levitation forces comparable to YBCO at low 
temperatures, demonstrating its potential for magnetic levitation applications [121]. Hapipi et al. 
reported that co-addition of 5 wt.% SiC and 6 mol% MgH2 at a high sintering temperature of 1000 ℃ 
significantly enhanced Jc of ex-situ MgB2, reaching 22,517 A/cm2 at 20 K and self-field, while 
increasing the MgB2 phase fraction to 43.0% [16]. Innovative processing routes that combine shaping 
and densification steps are emerging to overcome the limitations of conventional sintering. One 
promising approach is the integration of Laser Powder Bed Fusion (L-PBF) with SPS [141]. As shown 
in Figure 15, this method begins with the L-PBF fabrication of a porous MgB2 preform with defined 
geometry. Subsequent SPS treatment using a sacrificial SiC matrix densifies the preform while 
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preserving its macroscopic shape. The resulting microstructure exhibits a characteristic lamellar 
morphology with well-connected grains, which is crucial for establishing continuous 
superconducting current paths. This hybrid process demonstrates the feasibility of manufacturing 
complex-shaped MgB2 components without severely compromising the superconducting transition, 
which remains near 38 K. 

 
Figure 15. Micrographs of an MgB2 sample processed by combined L-PBF and SPS: (a) starting powder, (b) 
sintered cuboid preform, (c) surface morphology after SPS, and (d) detailed view of the sintered microstructure. 
Adapted from Sklyarova et al. [141] under the terms of the CC BY 4.0 license. 

Through prolonged self-sintering at 900 ℃ for 96 h, Shimada et al. examined the microstructure 
connectivity of ex-situ bulk MgB2, revealing that, despite improved packing factor, platelet-like pores 
and MgO agglomeration restrict current flow, with the optimal sample achieving only 21% 
connectivity [142]. Birajdar et al. compared various powder-in-tube (PIT) processed MgB2 wires and 
tapes, showing that mechanically alloyed samples exhibit superior high-field Jc due to high density 
and fine grains, while SiC addition in in-situ tapes helps retain and form Mg2Si, improving flux 
pinning [143]. Appropriate post-annealing is crucial for optimizing PIT-fabricated MgB2 tapes. 
Matsumoto et al. demonstrated that short - time annealing at 600 ℃ for stainless steel-sheathed MgB2 
tapes effectively heals microcracks induced by cold rolling and enhances intergranular electrical 
connectivity, leading to an order-of-magnitude increase in Jc under high fields (e.g., 10 T) [144]. 
Furthermore, Sklyarova et al. combined laser powder bed fusion (L-PBF) with SPS to fabricate 
complex-shaped MgB2 components with a superconducting transition temperature of 38 K, 
highlighting the potential of additive manufacturing for superconducting applications [141]. 

Based on the above findings, the superconducting properties of MgB2 are closely linked to phase 
separation phenomena occurring during processing. The superior high-field Jc observed in optimally 
processed MgB2 can be directly correlated with the nanoscale defect structure introduced during 
sintering. Figure 16 presents a direct comparison using transmission electron microscopy [139]. In a 
sample sintered at 900 ℃ under high pressure, a dense network of dislocations is clearly visible within 
the MgB2 grains. These laĴice defects act as effective flux-pinning centers, enhancing the material’s 
ability to retain superconductivity in applied magnetic fields. In contrast, the microstructure of a 
sample processed at 1100 ℃ shows significantly coarsened grains with few remaining dislocations, 
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as most defects have been annealed out. This loss of intragranular pinning sites explains the rapid 
degradation of Jc at high fields for samples sintered at excessively high temperatures, highlighting 
the critical importance of preserving beneficial crystal defects during processing. 

 

Figure 16. TEM images of MgB2 grains sintered at (a) 900 ℃ and (b) 1100 ℃ under high pressure. Dense 
dislocations in (a) provide strong flux pinning, while defects are annealed out in (b). Adapted from [139] under 
the terms of the CC BY 4.0 license. 

Through composition design, such as the introduction of nano-additives like SiC, a high density 
of nanoscale secondary phases can be in situ generated to serve as effective flux pinning centers. 
Meanwhile, precise control of sintering parameters helps suppress the formation of detrimental 
phases (e.g., coarse MgO) and promotes fine, uniformly distributed phase separation, along with 
optimized grain boundary structure. Future research may focus on the synergistic effects of multiple 
dopants, the development of novel nano-additives, and more refined process control tailored to 
practical conductor forms such as wires and tapes, aiming to further enhance the performance of 
MgB2 across broader temperature and magnetic field ranges. 

In summary, Table 6 [16,122,140,142,145] compiles Jc values of MgB2 bulk superconductors 
fabricated under different processing conditions. The compiled data demonstrate that tailoring 
sintering parameters and incorporating selected nano-additives can markedly improve the current 
carrying capacity. These findings collectively underscore the decisive role of processing pathway 
design in refining the material’s microstructure, thereby enhancing both intergranular current 
percolation and flux pinning effectiveness. The performance of MgB2 is critically determined by the 
microstructure shaped during processing. Figure 17 compares the magnetic field dependence of Jc at 
20 K for samples fabricated via the distinct routes listed in Table 6. Notably, the sample processed by 
Field-Assisted Sintering Technique (FAST) [145] exhibits the highest self-field Jc but a rapid decline 
with increasing field. Conversely, specimens prepared through optimized conventional sintering or 
precursor based low-temperature routes demonstrate more gradual Jc decay, indicative of a more 
robust and field-stable pinning architecture. This highlights that the choice of processing pathway 
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governs not only the density of pinning centers but also their effectiveness under applied magnetic 
fields. 

Table 6. Comparison of Jc values for MgB2 bulk superconductors processed under different conditions. Data are 
extracted from literature [16,122,140,142,145] for measurements at 20 K and applied fields of 0 T or 0.2 T. 

Sample Composition/Description Processing Conditions Jc (A/cm2)  
Unmodified ex-situ MgB2 Self-sintering at 900 ℃, 48 h 2.8×105 [142] 
ex-situ MgB2 + 6 wt.% Mg FAST at 900 ℃, 5 min 2.6×109 [145] 

MBH500-54 (Mg(BH4)2 precursor) Sintered at 500 ℃, 54 h 2.9×105 [140] 
MgB2 + 2.8 wt.% C (C-coated B) Sintered at 805 ℃, 3 h 3.8×105 [122] 

MgB2 + 5 wt.% SiC + 3 mol% MgH2 Ex-situ, 1000 ℃, 1 h 2.3×104 [16] 

 

Figure 17. Magnetic field dependence of Jc at 20 K for MgB2 polycrystals fabricated via the processing routes 
summarized in Table 6. 

5. Conclusions and Outlook 

In this review, the critical role of solidification-induced phase separation in governing the 
microstructure and superconducting properties of four major practical superconductors, namely 
REBCO, Bi-2212, FeSeTe, and MgB2, has been systematically examined. Across these distinct material 
systems, a consistent principle can be identified: the path from powder precursors to final 
performance is fundamentally shaped by phase separation phenomena. The characteristics of the 
starting powders, including particle size, purity, morphology, and doping homogeneity, are 
considered to set the initial conditions for all subsequent microstructural evolution. 

The discussion emphasizes two primary and interrelated microstructural control strategies, 
compositional design and process engineering. For REBCO superconductors, the refinement of RE-
211 precipitates is achieved through the addition of elements or compounds such as CeO2, Pt, and 
BaO2. Superior microstructural homogeneity over the TSMG process is provided by the TSIG 
technique, which avoids peritectic decomposition. In the case of Bi-2212, enhanced phase stability 
and material densification are obtained by doping with Ag, Na, or Pb, followed by optimized melting 
and ultra-high pressure heat treatments. Regarding FeSeTe materials, disordered phase separation 
can be transformed into an ordered layered structure via strategic doping with elements like F or Co. 
This structural ordering introduces effective Δκ flux-pinning centers, while subsequent controlled 
cooling and annealing processes are crucial for achieving homogeneity. Within the MgB2 system, 
improved grain connectivity and a high density of nanoscale flux-pinning defects are simultaneously 
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introduced. This is accomplished by the incorporation of nanoparticles such as SiC alongside 
advanced sintering techniques, including SPS or FAST processing routes. 

The development of next-generation practical superconductors requires an integrated 
advancement across several fundamental areas. A deeper predictive understanding of the 
thermodynamics and kinetics governing solidification-phase separation is essential. This must be 
coupled with the design of novel microstructures through multi-component doping and 
nanocomposite approaches to achieve synergistic flux-pinning effects. Concurrently, processing 
routes must be developed with explicit focus on scalability, reproducibility, and performance under 
realistic high-field operating conditions. The integration of precise compositional control with such 
advanced and standardized processing pathways is anticipated to significantly enhance the 
performance of key superconductor systems. This holistic approach, rooted in a fundamental 
understanding of microstructural evolution, is critical for unlocking their full technological potential. 
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