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Abstracts 

Bulk textured Bi2Sr2Ca1-xNaxCu2Oy (x=0.0, 0.05, 0.075 0.1, 0.15, and 0.20) ceramics have 

been prepared by a polymer solution method followed by sinter-forging process. The 

microstructure and superconducting properties of textured samples were affected by Na 

substitution. According to XRD data, all samples show that Bi-2212 phase is the major one, 

and main peaks corresponded to the (00ℓ) diffractions confirming that the crystallographic 

caxis is perpendicular to the surface. SEM micrographs showed that samples are composed of 

well-stacked and oriented grains. The best critical temperature, TC, was measured as 85.6 K 

for x=0.075. The critical current density Jc, values decrease gradually with the increase of 

applied magnetic field. The maximum calculated Jc was 1.38x105 A/cm2 at 10 K for 0.075 Na 

sample which is about four times higher than the 0.34x105 A/cm2 value determined for the 

pure sample. The anisotropic properties of these textured materials have been investigated 

using magnetic measurements. 
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Introduction 

Since Maeda’s work [1] on superconductivity in the Bi-Sr-Ca-Cu-O (BSCCO) system, 

significant effort has been focused towards the improvement of their physical properties. This 

intense work has allowed determining that the BSCCO family comprises three 

superconducting phases. The general stoichiometry can be described as Bi2Sr2Can-1CunO2n+4+

δ, where n=1, 2 and 3, with Tc values around 20, 90 and 110 K, respectively. These three 

phases are referred to as Bi-2201 (n=1), Bi-2212 (n=2) and Bi-2223 (n=3). The synthesis of 

pure Bi-2201 and Bi-2212 phases in this system is relatively easy, while the Bi-2223 single 

phase production has been shown to be a difficult task. As a consequence, the development of 

synthesis procedures which can lead to single phase ceramics, with a well defined Tc, has 

been a main objective in many works. 

On the other hand, when considering practical applications, the fabrication of high 

temperature superconductors having high electrical transport capacity at 77 K is of great 

interest [2]. In particular, BSCCO family has been found suitable for many transport 

applications when they are properly processed in order to obtain a good grain orientation 

[3,4]. In order to enhance the critical temperature (Tc) and transport critical current (Jc), many 

techniques were used leading to high performance materials, such as thin [5,6] and thick film 

[7] technology, wires and tapes by the PIT method [8], and texturation using the Bridgman 

[9], Laser Floating Zone (LFZ) method [10-16], or the newer Electrically Assisted Laser 

Floating Zone method [17-20]. 

Among these techniques successfully used to produce well textured materials [21–23], the 

directional growth from the melt by the LFZ method has demonstrated to be a very useful 

technique for producing well textured BSCCO rods at high growth rates. As it was previously 

reported [13], the microstructure of the superconducting ceramics is characterized by a good 

grain alignment, with their c-axis quasi-perpendicular to the growth direction. This high 

degree of texture leads to a very important increase of the transport properties, Jc, due to the 

reduction of the number of low-angle junctions [24]. After the growth process, due to the 

incongruent melting of this phase [25], it is necessary to subject the samples to an annealing 

process to produce the Bi-2212 phase from the secondary ones [26]. However, the poor 

mechanical properties of superconducting materials impose severe limitations to their 

practical applications. In order to improve their mechanical behavior, high Ag additions have 

been performed on BSCCO sintered materials [27], while the optimum Ag amount necessary 

to improve mechanical properties in LFZ textured materials is much lower (1–3 wt.%) [26] 

due to their lower porosity. 



On the other hand, the hot-forging technique [21] has also been successfully used to obtain 

bulk monoliths of high-Tc superconductors with well-textured grains. Using this process, it is 

possible to perform a good grain orientation, with the crystallographic c-axis along the press 

axis, enhancing the critical current, Jc, values when measured along the ab plane. 

Experimental studies related to hot-pressing processes have already been carried out on 

different kind of samples using different pressures and heat treatments. In these works, it has 

been found that the results mainly depend on the applied temperature during the pressing 

process. If the temperature is too low to form a minimal liquid phase, the process does not 

offer the necessary conditions to produce high densification and grain orientation. On the 

other hand if the temperature is too high, a melt will be obtained, leading to glassy materials 

by quenching [21]. 

In previous works, Bi2Sr2Ca1-xNaxCu2O8+bulk and textured ceramics with different Na 

content, prepared by a polymer solution method and the LFZ technique, respectively [28,29], 

have been studied. The effect of Na on the microstructural features, critical temperature TC, 

magnetic properties and magnetic JC have been determined. As a consequence of these 

previous results, the aim of this work is producing Bi2Sr2Ca1-xNaxCu2Ox with x=0.0, 0.05, 

0.075, 0.10, 0.15 and 0.20 textured materials, using the hot-forging technique in order to 

determine the best texturing procedure for these materials preparation. 

 

Experimental 

Bi2Sr2Ca1-xNaxCu2Ox polycrystalline precursors were prepared from Bi(CH3COO)3 (99.99 

%, Aldrich), Sr(CH3COO)2 • 0.5H2O (99 %, Panreac), Ca(CH3COO)2 • 2H2O (98 %, Alfa 

Aesar), Na(CH3COO) • 3H2O (99.99 %, Aldrich), and Cu(CH3COO)2 • H2O (98 %, 

Panreac) commercial powders using a polymer solution method [30]. They were weighed in 

stoichiometric proportions and dissolved in a mixture of glacial acetic acid (ACS Reagent, 

Panreac) and distilled H2O. Once a clear solution has been produced, PEI (polyethyleneimine, 

50% aqueous, Aldrich) was added to produce the cations coordination with PEI. The 

complexes formation is reflected in the solution color change, from clear blue due to the 

presence of Cu2+
 to a deep blue from the nitrogen-Cu2+

 coordination bonds [31]. The solution 

was then concentrated to around 20 vol.% of the original one by evaporation in a rotary 

evaporator. Total solvent evaporation has been performed onto a hot plate at around 80 ºC 

until a thermoplastic deep blue paste has been produced [32]. Further heating at around 350 

ºC produces its decomposition by self combustion, releasing brown fumes (due to nitrogen 

oxides), and reaching temperatures of around 750 ºC inside the crucible. The obtained 



powders mixture was milled and thermally treated at 750 and 800 ºC for 12 h with an 

intermediate manual milling to favour the alkaline-earth carbonates decomposition as 

previously reported [26]. 

The calcined powders were then uniaxially pressed at about 350 MPa in form of disks (25 mm 

diameter and 2-2.5 mm thick) which were subsequently textured using a hot-pressing 

installation [21]. The processing conditions were fixed at 800 ºC and about 20 MPa for 15 h 

with a final furnace cooling. After the texturing processes, the disks showed bigger diameter 

(around 30 mm) and lower thickness (1-1.2 mm). On the other hand, as previously mentioned 

this process produces a small amount of liquid phase, leading to a partial Bi-2212 phase 

decomposition. As a consequence, a subsequent thermal treatment has been shown to be 

necessary in order to produce nearly Bi-2212 pure phase materials. This treatment consisted 

in two steps: 60 h at 860 ºC to produce the Bi-2212 phase, followed by 12 h at 800 ºC to 

adjust the oxygen content and, finally, quenched in air to room temperature. 

Structural studies of textured ceramic samples were performed by using a Rigaku D/max-B 

X-ray powder diffractometer (CuKα radiation) with 2θ ranging between 3 and 80 degrees. 

The uncertainty of the crystal lattice parameters calculation remained in the ±0.00001 range. 

Microstructural characterization was performed on fractured transversal cross-sections and on 

the samples surface, in a field emission scanning electron microscope (FESEM, Zeiss Merlin) 

equipped with an energy dispersive spectroscopy (EDX) system. The magnetic hysteresis and 

virgin curve measurements of samples were performed at 10 K and of ±1 T an applied field. 

Moreover, M(T) measurements under 100 Oe applied field in ZFC mode were made in a 7304 

Lake Shore VSM. 

 

Results and Discussion 

Fig. 1 shows the normalized powder XRD patterns of all samples between 3º-80º. As it can be 

observed in the figure, the most intense peaks correspond to the (00l) planes of Bi-2212 phase 

[33] in all cases, clearly indicating that most of the grains have their c-axis oriented parallel to 

the applied pressure direction. The unit-cell parameters and average crystal sizes were 

calculated by using the Debye-Scherrer formula [34], and displayed in Table 1. The crystal 

symmetries of all samples showed a pseudo-tetragonal structure with a-b≈5.40 Ȧ. The 

calculated crystal sizes have been increased by Na doping, when compared to the undoped 

samples. As a consequence, it can be deduced that Na substitution can be helpful to raise the 

grain growth rates, leading to a decrease in the number of grain boundaries. This effect can be 



due to the fact that Na substitution decreases the system melting point, inducing the formation 

of a small amount of liquid phase, speeding up the diffusion rate, producing larger grains. 

Fig. 2 shows the SEM micrographs of cross-sectional fractured sections perpendicular to the 

pressing direction. In these general views, it can be easily observed that grains are very well 

stacked along their a-b plane with no evident porosity among them. Moreover, they clearly 

show a marked preferential orientation already described in the XRD data [35,36]. The effect 

of Na doping can be seen in the larger grain sizes of these samples, compared with the 

undoped ones, in a clear agreement with previously published data [28,29,37]. Especially, 

0.05, 0.075, and 0.1 Na substituted samples possess larger angles between adjacent grains 

which imply better intergranular characteristics. It should be noted that these dense and 

textured structures are very important in high-TC superconductors, as the BSCCO system, due 

to the fact that low angles between grains drastically decrease the electrical and magnetical 

properties. Other important observed effect of Na doping is related to the grains thickness 

when they are measured in several SEM micrographs. Grains thickness is firstly increased by 

Na doping until 0.075, while further substitution stars to decrease it. The mean values 

obtained for these grain thicknesses were 910, 950, 1300, 1010, 860, and 600 μm, for 0.0, 

0.05, 0.075, 0.10, 0.15, and 0.20 Na substitutions, respectively. 

Fig. 3 shows representative SEM micrographs performed on polished longitudinal sections of 

all samples, using backscattered electrons. As it can be observed in these micrographs, all 

samples show two main contrasts, each one associated by EDX to a different phase. The grey 

contrast (major one in all cases, indicated by #1) has been assigned to the superconducting Bi-

2212 phase. On the other hand, dark grey contrasts correspond to non superconducting 

secondary phases (numbered as #2 in the undoped sample and #3 in the Na doped ones). The 

different numbers indicate changes in the secondary phase composition, which has been found 

as the metastable (Sr,Ca)CuO2 in the undoped samples, while it has been modified to the 

equilibrium (Ca,Sr)14Cu24O41 (14:24) phase when Na is present in the samples. These 

modifications clearly point out to important changes in the texturing process induced by Na 

substitution. These modifications have already been found in this system when it is textured 

using the EALFZ technique [20], leading to improved electrical transport properties. 

Fig. 4 shows the magnetizations curves, as a function of temperature, measured under 100 Oe 

magnetic field, applied parallel to the stress axis of samples. The use of higher magnetic field 

than usual in a ZFC mode measurement for high-TC superconductors (10-50 Oe) has been 

made in order to get deeper information about the general samples texture. It can be obviously 

seen from the figure that the superconducting transition temperature, TC is around 85 K in all 



cases, with a slight variation depending on Na content. The best TC values were obtained in 

the x=0.075 Na samples (85.6 K) which is 4.4 K higher than the obtained for the undoped 

ones. M-T results clearly point out to an improvement of TC values with Na substitution, in 

agreement with the SEM discussions. 

Fig. 5 shows the magnetic hysteresis loops determined at 10 K and ±10 kOe applied magnetic 

fields parallel to the stress direction, for all samples. As it can be easily seen in the graph, the 

loops first enlarge up to 0.075 Na substitution and become narrower for further Na contents. 

Moreover, although 0.2 Na substituted sample shows a paramagnetic signal around 5 kOe 

magnetic field, indicating it is in normal state, the M-H loops obtained for Na substituted 

samples are clearly larger than the obtained in the undoped samples. This effect can be 

associated to the larger grain sizes produced in Na doped samples which is the result of the 

higher amount of liquid phase in these samples induced by sodium. In addition, the 

symmetrical shape of these hysteresis curves at low applied magnetic field indicates that 

vortex pinning is dominated by bulk pinning rather than surface and/or geometrical barriers 

[38]. 

Fig. 6 shows the initial (virgin) DC magnetization curves as a function of the applied 

magnetic fields between 0 and 10 kOe, at 10 K, for all samples. As it can be observed in the 

graph, at low applied fields (below HC1) the magnetic flux lines can only penetrate in the grain 

boundaries region where structural defects and/or chemical impurities interrupt flux line flow, 

known as vortex pinning effect. On the other hand, at fields higher than HC1 magnetic flux 

lines begin to significantly penetrate into the grains, leading to a significant decrease of M. 

Moreover, in agreement with the previous discussions in Fig. 5, 0.20 Na substituted samples 

show the superconducting to normal state transition at about 3.6 kOe applied magnetic field. 

The highest HC1 values (1080 Oe) have been achieved for 0.075 Na substituted samples due to 

their improved grain structure, discussed in SEM section. 

From M-H data, the intragranular Jc values of all samples were calculated using the Bean’s 

model [39]; 

 

where JC is the critical current density in ampéres per square centimeter. M= M+ - M- is 

measured in electromagnetic units per cubic centimeter, and a and b are the length of the 

sample plane perpendicular to the applied magnetic field. Fig. 7 shows the calculated critical 

current density values at 10 K, up to 10 kOe, for all samples. In the figure, it can be seen that 

intragranular Jc values gradually decrease when the applied magnetic field is increased. The 



maximum critical current density Jc has been achieved for the 0.075 Na doped samples 

(1.38x105
 A/cm2

 at 10 K) which is around four times higher than the obtained for undoped 

ones (0.34x105
 A/cm2). The higher intragranular JC values for all Na-substituted samples, 

compared with the undoped ones, are due to the better texture and larger grain size induced by 

Na substitution. Moreover, it can be observed that JC values for 0.075 Na doped samples are 

higher than 0.10 Na doped ones at low magnetic fields, but then it becomes lower at higher 

applied field values. The reason of this behavior can be found in the larger grains observed in 

the SEM micrographs for the 0.10 Na doped samples, leading to a lower number of grain 

boundaries and improving the diamagnetic behavior at high applied magnetic fields. 

Fig. 8 shows the magnetic hysteresis loops obtained under parallel (H//c) and perpendicular 

(H┴c) applied magnetic fields with respect to the c-axis. In the figure, it can be clearly 

observed that the magnetic hysteresis loop obtained when the applied field is parallel to the 

stress axis is larger than the perpendicular one due to the typical anisotropy of BSCCO high-

TC superconductors. The difference between these curves shows an important anisotropy in 

the bulk material, confirming the good grains orientation already seen in SEM micrographs. 

From these data, the anisotropy factor has been calculated through the expression: M// /M┴ 

where M// and M┴ are the widths of hysteresis loops at zero field. The obtained value, 5.15, 

clearly indicates the good texture obtained in these samples. 

Fig. 9 shows the angular dependence of dc magnetization for the 0.075Na substituted sample 

under 100 Oe applied field at 10 K. The result verifies the well-known anisotropic behavior of 

BSCCO high-TC superconductors. Whenever applied magnetic field is parallel to the c-axis (

β=0º), diamagnetic response is maximum, then while angle goes forward to the 

perpendicular direction, dc magnetization linearly decreases until the minimum diamagnetic 

response at β=90º. From these data, anisotropy factor has been calculated using the 

expression Mβ=0 /Mβ=90, where Mβ=0 and Mβ=90 are the dc magnetization signal for β=0º 

and β=90º respectively. The high obtained value (14.6) can be related to the well oriented 

grains in these samples. 

 

Conclusion 

In this study, Bi2Sr2Ca1-xNaxCu2Oy ceramic materials have been successfully textured using 

the sinter-forging technique. The Na substitution for Ca has an important effect on the texture 

and grain sizes of these samples, leading to a significant improvement of calculated JC values. 

The XRD and SEM results confirmed these structural and microstructural features. EDX 



results indicate that Bi-2212 is the major phase, accompanied by relatively low amounts of 

secondary phases. Moreover, it has pointed out to important changes in the secondary phases 

composition, from the metastable (Ca,Sr)CuO2 in undoped samples, to the equilibrium one 

(Ca,Sr)14Cu24O41 when Na is added. According to magnetization results, 0.075Na sample is 

the optimum Na amount for producing the best superconducting properties. The highest JC 

and TC determined values have been 1.38x105
 A/cm2

 and 85.6 K respectively. Furthermore, 

hysteresis loops obtained for H//c and H┴c have shown the high anisotropic behaviors by a 

factor value of 5.15 which means well textured intragrain regions in 0.075Na sample. In order 

to obtain, in detail, the superconducting properties affected by texturing process via sinter 

forging technique, the angular dependent magnetic measurement was performed on 0.075Na 

sample which is an effective tool to characterize anisotropy. The anisotropy factor has been 

calculated as 14.6 by Mβ=0 / Mβ=90 formula. 
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Figure Captions 

 

Figure 1. Powder XRD patterns of all samples. Diffraction planes correspond to the Bi-2212 

phase. 

Figure 2. Representative SEM micrographs performed on transversal fractured sections of all 

Bi2Sr2Ca1-xNaxCu2Oy samples, with x = a) 0; b) 0.05; c) 0.075; d) 0.10; e) 0.15; and e) 0.20. 

Figure 3. Representative SEM micrographs performed on longitudinal polished sections of 

Bi2Sr2Ca1-xNaxCu2Oy samples with x = a) 0; b) 0.05; c) 0.075; d) 0.10; e) 0.15; and e) 0.20. 

Numbers indicate the different phases: 1) Bi-2212; 2) (Sr,Ca)CuO2; and 3) (Ca,Sr)14Cu24O41 

Figure 4. Magnetic moment as a function of temperature for all samples. 

Figure 5. Magnetic Hysteresis curves obtained for all samples at 10 K. 

Figure 6. Magnetic initial curves obtained for all samples at 10 K. 

Figure 7. Calculated critical current densities, Jc, of all samples at 10 K, as a function of the 

applied field. 

Figure 8. Anisotropic magnetic hysteresis curves obtained for 0.075 Na-substituted samples 

at 10 K. 

Figure 9. Magnetic moment versus β angle between applied field and stress axis of 0.075 Na-

substituted sample for -100<β<1800. 

   



Table 

Table 1. TC values determined from M-T measurement, unit-cell parameters, crystal sizes, and 

magnetic Jc values for all samples. 

 

 

 

 

 

 

 

 

 

 

 

  

Na-Content TC (K) Unit-cell  
Parameter  
a≈b (Ȧ) 

Unit-cell 
Parameter    
c (Ȧ) 

Max. 
Intragranular 
JC (A/cm2) @ 
10 K 

x=0.000 81.2 5.4127 30.7236 0.34x105 

x=0.050 84.9 5.3925 30.8883 0.78x105 

x=0.075 85.6 5.4085 30.8871 1.38x105 

x=0.100 83.2 5.3925 30.8830 1.30x105 

x=0.150 82.1 5.4212 30.8192 0.57x105 

x=0.200 81.9 5.3672 30.8863 0.58x105 
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