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respectively. Since their discovery, in order to better under-
stand their structural and physical properties, many studies 
have been performed on the high-temperature ones [3–16]. 
From all these works, it has been found that their practi-
cal applications require high electrical transport properties 
at 77 K [17]. In particular, many strategies and techniques 
have been tested to maximize these transport properties. 
Some of them consist in the preparation of highly homo-
geneous precursors with small particle sizes using differ-
ent synthesis techniques [18–20], the cationic substitutions 
or additions to raise the superconducting performances 
[3–10], or improving their grain alignment to raise the 
electrical transport properties due to the reduction of the 
number of low-angle junctions [21]. The main techniques 
used to obtain very well aligned grains along the con-
ducting direction are the sinter-forging [22] and the laser 
floating zone (LFZ) [23–26] techniques. Jc values higher 
than 5000  A/cm2 have obtained by a modified LFZ tech-
nique in thick rods having very well oriented crystals with 
their c-axis perpendicular to the current flow direction and 
strong grain boundaries [27]. One of the main advantages 
of this method is that the materials can be rapidly grown 
due to the large thermal gradient at the solid–liquid inter-
face [28]. A second advantage is the absence of crucible, 
avoiding external contamination of samples during the 
processing.

In previous works, the effect of Na-substitution on the 
structural and physical properties of Bi-2212 was studied 
in detail. The optimum Na-content to obtain the maximum 
amount of Bi-2212 phase and the best electric properties 
was determined as 0.075 [3, 9, 29, 30]. Due to the ceramic 
nature and the poor mechanical characteristics of HTc 
materials, they have strong limitations for technological 
applications. Some attempts to improve their mechanical 
properties have been performed by means of Ag addition 

Abstract  The effect of Ag addition on the structural and 
superconducting properties of Bi2Sr2Ca0.925Na0.075Cu2Oy 
+ x wt% Ag materials with x = 0, 1, 3, and 5 prepared by 
sol–gel method, followed by directional growth using the 
laser floating zone (LFZ) technique has been investigated. 
Powder XRD measurements demonstrate that all samples 
are composed by nearly single Bi-2212 phase. SEM micro-
graphs and EDX results confirms that Bi-2212 is the major 
phase with minor amounts of a Bi-free one (Sr,Ca)CuO2 
and metallic Ag. According to the magnetic results, Ag 
does not modify the superconducting critical temperature, 
Tc, but significantly increases the magnetic hysteresis loop 
area. The magnetic critical current density is maximum in 
the 3 wt% Ag containing samples, due to the larger grain 
clusters found in these samples, reaching 2.1 × 105 A/cm2 
at 10  K. Moreover, Ag addition also improves the rods 
mechanical properties, determined by three point bend-
ing tests. The highest bending stress is also reached in the 
3 wt% Ag samples.

1  Introduction

BSCCO superconductor family are generally described 
using the Bi2Sr2Can − 1CunOx formula, where n = 1, 2, or 
3, presenting Tc’s of about 20, 85 and 110 K, respectively 
[1, 2], usually called Bi-2201, Bi-2212 and Bi-2223, 
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on BSCCO compounds [11], raising, at the same time, the 
grains electrical connectivity. As a consequence of both 
improvements, the aim of this work is to study the influ-
ence of Ag addition on the microstructure and physical 
properties in the Bi2Sr2Ca0.925Na0.075Cu2 + δ system textured 
using the laser floating zone (LFZ) technique.

2 � Experimental

Bi2Sr2Ca0.925Na0.075Cu2Ox + x wt% Ag (x = 0, 1, 3, and 
5) polycrystalline precursors were prepared from Bi2O3 
(≥99.9%, Aldrich), SrCO3 (98%, Panreac), CaCO3 (≥99%, 
Aldrich), Na2CO3 (≥99.99%, Aldrich), CuO (98%, Pan-
reac) and Ag (≥99%, Aldrich) commercial powders by 
a sol–gel method via nitrates. They were weighed in the 
appropriate proportions, and dissolved in a mixture of 
HNO3 (Fluka, PA) and distilled water. To the clear blue 
solution, citric acid (99.5%, Panreac) and ethylene glycol 
(99%, Panreac) were added dropwise in the adequate pro-
portions. Solvent evaporation has been slowly performed 
at 110 °C until a pale blue dry gel has been formed. Fur-
ther heating at 350 °C decomposes the organic material by 
selfcombustion, leading to a brownish fine powder which 
was subsequently calcined twice, at 750 and 800 °C for 
12 h, with an intermediate milling to decompose the alka-
line-earth carbonates. The thermally treated powders were 
cold isostatically pressed in form of cylinders (between 2 
and 3  mm diameter) at 200  MPa. These green ceramics 
were used as feed in a directional solidification process 
performed in a LFZ installation [25]. The textured bars 
were obtained using a continuous power Nd:YAG laser 
(λ = 1064 nm), under air, at a growth rate of 30 mm/h and 
18  rpm relative rotation between seed and feed. After the 
melt-grown processes, very homogeneous geometrically 
bars were obtained (~2 mm diameter and 120 mm length). 
On the other hand, as it is well known Bi-2212 ceramic 
presents incongruent melting, producing different second-
ary phases as Bi-2201, CaCuO2, or (Sr,Ca)CuO2 [31] after 
solidification. As a consequence, after the texturing pro-
cess, it is necessary to perform a thermal treatment in order 
to form the Bi-2212 superconducting phase [32, 33] from 
the secondary ones. This annealing process was performed 
under air, and consisted in two steps: 60 h at 860 °C, fol-
lowed by 12  h at 800 °C 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 dif-
fractometer (CuKα radiation) with 2θ ranging between 3 
and 80°. Microstructural characterization was performed 
on longitudinal polished sections of samples using a field 
emission scanning electron microscope (FESEM, Zeiss 
Merlin) equipped with an energy dispersive spectroscopy 

(EDX) system. Magnetic measurements were carried out in 
a Quantum Design PPMS system. Mechanical characteri-
zation of samples has been performed measuring the flex-
ural strength by three-point bending test using an Instron 
5565 universal testing machine with a 10 mm loading span 
fixture and a punch displacement speed of 30 µm/min. At 
least 5 samples of each composition have been measured in 
order to minimize measurement errors.

3 � Results and discussion

Powder XRD patterns of all samples (between 5 and 65°, 
for clarity) are displayed in Fig. 1. As it can be seen, the 
most intense peaks (labeled by +) are associated to Bi-2212 
phase as the major one. The peak observed at around 38.2° 
(shown by *) corresponds to the (111) diffraction plane of 
metallic Ag [34] which can be easily observed in the 3 and 
5 wt% Ag containing samples. On the other hand, the crys-
tal symmetry is not modified by Ag addition being, in all 
samples, a pseudo-tetragonal structure with a−b ≈ 5.43  Å 
and c ≈ 30.83  Å, which is in good agreement with the 
Bi-2212 phase crystal parameters [35].

SEM micrographs performed in longitudinal polished 
sections are shown in Fig. 2. As it can be easily observed 
in the pictures, all samples are composed by a mixture 
of different contrasts associated, through EDS, to differ-
ent phases. Major contrast in all samples is the grey one 
(indicated by #1) and corresponds to the superconducting 
Bi2Sr2Ca0.9Na0.03Cu2Oy. Dark grey and white ones are the 
Bi-free (Sr,Ca)CuO2 (#2), and Bi-2201 (#3) secondary 
phases, respectively. Moreover, in samples with high Ag 
addition (3, and 5 wt%) two new contrasts can be identified, 

Fig. 1   XRD patterns of all samples. Peaks corresponding to the 
Bi-2212 and Ag phases are indicated by + and *, respectively
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a medium grey (#4) with Bi2Sr2Ca0.9Na0.06Cu2Oy composi-
tion and a grey one (#5) which is associated to metallic Ag. 
When observing these microstructures in detail, it can be 
observed that Ag addition clearly modifies the final micro-
structure of samples. These important changes are due to 
modifications in the molten zone promoted by the forma-
tion of isolated liquid Ag drops distributed all around the 
melt which produce modifications in the solidification 
interphase. It has been already reported that Ag addition to 
the pure Bi-2212 leads to the formation of an eutectic melt 
with lower melting temperature than the pure compounds 
[36, 37]. As a consequence, if the solidification tempera-
ture is lower than the pure material one, the temperature 
gradient between the external and the internal part of the 
rods is decreased leading to better aligned grains. This 
trend is followed until 3  wt% Ag content, decreasing for 
higher Ag content due to the fact that liquid Ag content is 
much larger and higher temperature is reached in the melt, 
increasing the radial gradient and, consequently, the grains 
misalignment.

Figure 3 shows the magnetization curves, as a function 
of temperature, obtained under 50 Oe applied magnetic 
field perpendicular to the fibers growth direction. The use 
of higher magnetic field than usual in a ZFC mode meas-
urement for high-TC superconductors has been made in 
order to get deeper information about the general samples 
texture. As it can be seen in the graph, the critical onset 
temperatures, TC, corresponding to the diamagnetic transi-
tion are around 92 K in all cases, in agreement with previ-
ous works which showed that Ag does not modify TC val-
ues [11]. In addition, the magnetization curve for 3 wt% Ag 

samples clearly confirms the SEM observations, showing 
better quality, homogeneity, and grain alignment than the 
other ones.

Figure 4 illustrates the magnetic hysteresis loops meas-
ured at 10  K, between ± 9 T applied magnetic field per-
pendicular to the growth direction. The general behavior 
of these hysteresis curves indicates that magnetization val-
ues are strongly dependent of Ag-content. Furthermore, 
the reversible and symmetrical shapes of loops imply that 
pinning mechanism occurs by bulk pinning rather than sur-
face and/or geometrical barriers at low fields. Moreover, 
the M-H loops for the 3 and 5 wt% Ag samples are larger 

Fig. 2   Representative SEM 
micrographs of longitudinal 
polished sections of a 0 wt% 
Ag; b 1 wt% Ag; c 3 wt% Ag; 
d 5 wt% Ag samples. Numbers 
indicate the different phases: 
(1) Bi2Sr2Ca0.9Na0.03Cu2Oy; 
(2) (Sr,Ca)CuO2; (3) Bi-2201; 
(4) Bi2Sr2Ca0.9Na0.06Cu2Oy; (5) 
metallic Ag

Fig. 3   Magnetization against temperature, as a function of Ag con-
tent, measured under 50 Oe applied field
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than the obtained for the pure ones. It is worth to mention 
that larger hysteresis loops and higher magnetization values 
lead to a higher intra-grain critical current density values. 
As a consequence, it should be expected that these samples 
present better transport properties than the other ones. Fur-
thermore, Ag addition improves the microstructure of the 
Bi-2212 samples, reducing the porosity and increasing their 
mechanical properties, as well as improving the electric 
and magnetic properties, both at self-field and in applied 
magnetic fields.

The magnetic hysteresis loops measured at different 
temperatures for the 3  wt% Ag samples (for clarity) are 
given in Fig. 5. As it can be observed in the graph, the sam-
ples behavior is the typical found in Bi-2212 materials, the 

hysteresis loops area is decreased when the temperature 
is raised. It is well-known that due to the pinning effects 
and the large volume of the superconducting regions, the 
magnetic field penetration becomes difficult at low tem-
peratures. But, at higher temperatures, the applied fields 
begin to significantly penetrate into the samples due to the 
decrease of the superconducting regions and the weaken-
ing of grain connectivity with increasing temperature. This 
is probably the reason for the decrease in the width of the 
magnetic hysteresis loops above 10 K [38].

The intragranular critical current density, Jc, values of 
samples were calculated from the hysteresis data measured 
at 10 K, using the Bean’s model [39].

where JC is the critical current density in ampéres per 
square centimeter, M = M+−M− is measured in electro-
magnetic units per cubic centimeter, and d is the thick-
ness of the sample. The obtained results, as a function of 
the applied magnetic field, are presented in Fig.  6. In the 
plot, it can be observed that Jc values gradually decrease 
when the magnetic field is increased in all cases. Moreo-
ver, high Ag addition (3, and 5  wt% Ag) contributes to 
the pinning mechanism, raising these values, when com-
pared with the undoped sample, being the highest ones 
for the 3 wt% Ag samples. The reasons for these high Jc 
values can be explained taking into account that Na con-
tributes to a higher content of the superconducting phase, 
increases grain sizes, and slightly improves grain orienta-
tion [3, 9]. These larger and better oriented grains imply 
a lower number of grain boundaries and a decrease of 
angles between adjacent grains, leading to higher JC values. 

(1)Jc = 30
ΔM

d

Fig. 4   M–H curves for all samples measured at 10 K

Fig. 5   M–H curves for the 3  wt% Ag samples measured at 10, 20, 
and 30 K

Fig. 6   Calculated critical current densities, Jc, of all samples at 10 K, 
as a function of the applied field
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Moreover, besides the Na effect, Ag addition improves 
electrical grains connectivity, as discussed above. While 
Bi2Sr2Ca0.925Na0.075Cu2Oy (without Ag) sample possesses 
a relatively low Jc (0.9 × 10° A/cm2), it is raised for the 
3  wt%Ag samples to 2.1 × 10° A/cm2. Further Ag addi-
tion decreases Jc but it is still around 1.4 × 10° A/cm2, 
which is higher than the measured in the Ag-free samples. 
Taking into account these values, it can be suggested that 
Bi2Sr2Ca0.925Na0.075Cu2Oy+ 3 wt%Ag composition samples 
are suitable for practical applications on systems working 
at low temperatures.

In order to better understand the vortex pinning nature in 
the 3 wt%Ag samples, the Dew-Hughes model [40] has been 
used to analyze the experimentally obtained data. The model 
consists in representing the reduced pinning force FP/FPmax 
versus the reduced field H/Hmax (shown in Fig. 7) and fitting 
the results using the fP (FP/FPmax) = bp(1-b)q equation. For 
high-TC superconductors, three theoretical models [41] are 
used to analyze the experimental data, represented by blue 
continuous, and red and green dotted lines for the normal sur-
face pinning, normal point pinning and ∆k pinning, respec-
tively. These theoretical equations are given as:

As it can be seen in the graph, the experimental results 
for 3  wt%Ag sample are well-matched with the normal 

(2)
fP(b) = 25 − 16b−1∕2(1 − b∕5)2; normal surface pinning

(3)fP(b) = 9∕4b(1 − b∕3)2; normal point pinning

(4)fP(b) = 3b2(1 − 2b∕3);Δk pinning

point pinning (dotted red line) in the whole measured field 
range.

Finally, mechanical properties of samples, measured 
through the three point bending test, are presented in Fig. 8, 
where mean flexural strength values, together with their 
standard error, are represented as a function of Ag con-
tent. As it can be observed in the figure, all Ag containing 
samples possess higher strength than the Ag-free ones, in 
agreement with previous works in similar systems [42, 43]. 
Moreover, Ag addition also decreases the results disper-
sion, reflected in lower standard error. These improvements 
can be associated to the silver particles shape and position, 
as they are filling the intergranular holes between supercon-
ducting grains. As a consequence, silver provides a plastic-
flow region when the samples are subjected to stresses, 
resisting crack propagation by deflecting it, as it has been 
previously reported in close ceramic systems [11]. On the 
other hand, the amount of Ag to reach the highest mechani-
cal properties is higher in this work than in previous ones 
[11], probably due to the effect of Na-doping which pro-
duces larger plate-like grains [9, 44] with low mechani-
cal performances in the ab plane. As a consequence, the 
required amount of Ag to reinforce these grain boundaries 
is increased.

4 � Conclusion

In this study, Bi2Sr2Ca0.925Na0.075Cu2Oδ+ x wt% Ag with 
x = 0, 1, 3, and 5 ceramics have been prepared by a sol–gel 
method, followed by directional growth using the laser 
floating zone (LFZ) technique. XRD patterns have dem-
onstrated that all samples are composed by nearly single 

Fig. 7   Reduced Pinning Force Fp/Fpmax versus reduced applied 
field H/Hmax for the 3 wt% Ag samples. Blue continuous, and dotted 
red and green lines represent the 25/16b− 1/2(1−b/5)2, 9/4b(1−b/3)2, 
and 3b2(1−2b/3) theoretical models, respectively. (Color figure 
online)

Fig. 8   Mean flexural strength, together with their standard error, ver-
sus Ag-content
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Bi-2212 phase. The SEM micrographs and EDX results 
corroborate that Bi-2212 is the major phase with minor 
amounts of Bi-free (Sr,Ca)CuO2 and metallic Ag. Accord-
ing to M-T results, Ag does not modify the superconduct-
ing critical temperature, Tc, but raises the magnetic hys-
teresis loop area. The critical current density is drastically 
improved for 3  wt% Ag-addition, due to the larger grain 
clusters formed in these samples. The highest intragranular 
Jc value was calculated as 2.1 × 105 A/cm2 at 10 K for the 
3 wt% Ag samples. It is also observed that this amount of 
Ag improves the mechanical properties of the samples. All 
these results clearly point out that Ag-addition in the ade-
quate amount can raise, in an important manner, the super-
conducting and mechanical properties of Bi-2212 textured 
samples.
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