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bstract

itreous cylinders with compositions Bi2−xPbxSr2CaCu2Oy (x = 0 and 0.4) were prepared and used as precursors to fabricate textured bars through
laser floating zone melting method (LFZ). The resulting textured cylindrical bars, after annealing, were electrical and mechanically characterized

hrough resistivity as a function of temperature, E–I characteristics at 77 K, mechanical strength, σ, Young modulus, E , Vickers hardness, H , and
Y v

eibull parameters, S0 and m. The study of the mechanisms controlling the fracture process was made by means of the fractographical analysis
sing laser scanning confocal microscopy (LSCM). It has been found that the Pb addition lead to an increase of the slope of the E–I curves and to
change in the fracture mode.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

One of the most attractive applications of Bi2Sr2CaCu2O8+δ

Bi-2212) superconductors is their use in fault current limiters,1

roviding the possibility to develop resistive-type fault current
imiters. These would require the fabrication of Bi-2212 mate-
ials capable of supporting high critical current densities in the
uperconducting state and developing high resistance in the nor-
al state, to effectively limit the fault current. However, the

uccessful use of Bi-2212 superconducting ceramic materials as
urrent limiters is conditioned by the low slope of the E–I curves
btained in the transition from the normal to the superconduct-
ng state. One solution to overcome this problem is based on
he cationic substitution, which could introduce effective flux
inning centers and increase the slope of the E–I curves. In par-

icular, the partial Bi substitution with Pb has shown to be useful
o increase the intragranular pinning properties in single crys-
als, leading to the enhancement of both irreversibility field and
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ritical current density.2,3 Also, it has been demonstrated that Bi
uperconductors improve their electrical properties when they
re properly processed.4,5

In this work, textured materials with compositions Bi2Sr2
aCu2O8+δ and Bi1.6Pb0.4Sr2CaCu2O8+δ, have been prepared
sing the laser floating zone melting method (LFZ). On these
amples, the changes on the electrical as well as the mechanical
roperties have been studied through resistivity as a function
f temperature, ρ(T), E–I characteristics at 77 K, mechani-
al strength, σ, Young modulus, EY, Vickers hardness, Hv
nd Weibull parameters. Finally, the study of the mechanisms
ontrolling the fracture process was made by means of the frac-
ographical analysis, using laser scanning confocal microscopy
LSCM).6 All these properties have been correlated with the Pb
ontent.

. Experimental
Bi2−xPbxSr2CaCu2O8+δ, with x = 0 and 0.4 have been pre-
ared from commercial Bi2O3 (Panreac, >98%), PbO (Panreac,
99%), SrCO3 (Panreac, >98%), CaCO3 (Panreac, >98.5%) and
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uO (Panreac, >97%) powders. They were weighted in the ade-
uate atomic proportions, mixed in a ball mill and thermal treated
wice under air (12 h at 750 and 780 ◦C) to decompose the car-
onates and decrease the volume of the mixture. The pre-reacted
ixture was melted at 1050 ◦C to assure good homogeneity and
uidity of the liquid, and then quenched into silica tubes, 2 mm

nner diameter, to obtain long (more than 20 cm) and homoge-
eous cylindrical bars.7

The obtained cylinders were processed with a LFZ technique,
escribed elsewhere.8 In this process, the precursor bars are
elted by the incidence of a Nd:YAG laser (1064 nm) under air.
his melt is directionally solidified, at a growth rate of 40 mm/h,
btaining rods with a highly oriented microstructure. In order to
btain the appropriate phase composition (Bi,Pb)-2212, the as
rown samples were annealed at 835 ◦C 60 h, followed by 12 h
t 800 ◦C and quenched to room temperature.

The E–I characteristics at 77 K of the rods have been mea-
ured on 4 cm length samples by the standard four-probe
onfiguration. From these measurements, the slope of the E–I
urves has been determined, in the range of 1–20 �V/cm, using
he power law E∼In. Resistivity was measured from 77 to 300 K,
sing a dc current of 1 mA. From these measurements the critical
emperature, Tc, was determined.

The mechanical strength was performed on a four-point
ending apparatus. The tests were made at a loading rate of
.5 mm/min. To determine EY, the deflection measurements in
exural strength test were used. Hv was determined by means of

ndentation tests in a Leco microhardness tester, with an applied
oad of 9.8 N for 15 s.

To characterize the fracture of the samples, the failure
trength data were analyzed using the Weibull approach9:

n ln

[
1

1 − φ

]
= m ln σ − m ln S0 (1)

here φ is the probability of failure, and S0 and m are the scale
nd the shape parameters, respectively.

Fractographical studies of the different samples were per-
ormed using a Leica TCS-SP2 confocal microscope. The
mages were acquired in reflection mode, with a blue Ar laser
488 nm) as light source. The objectives used were 10× air (for
he global views) and 20× air (for the detail views), which have
.5 mm and 750 �m, respectively, as maximum lateral field of
iew. Typically, about 250 images were acquired for each height
ap, with 1–2 �m height steps.
Polished samples were examined in a scanning electron

icroscope (JEOL JSM 6400), in order to examine the texture.

. Results and discussion

Fig. 1 shows SEM micrographs of the as grown samples,
here black contrast phases are Bi-free secondary phases, and
ray contrasts are related to Bi rich phases (Bi-2201 and Bi-
212). Usually, in the as grown samples, the texture can be

eflected trough the black phases orientation (primary solidifica-
ion phase)10. In this figure, it can be observed that the orientation
f these phases is better for pure than for the Pb doped sam-
le. Moreover, Pb addition disturbs the crystal growth habit,

s
t
2
i

ig. 1. Longitudinal SEM micrographs, showing the central view of the as grown
amples for Bi2Sr2CaCu2O8+δ (A) and Bi1.6Pb0.4Sr2CaCu2O8+δ (B). Bi-free
hases are shown as black contrast.

eading also to the misorientation of the Bi rich crystals (gray
ontrast). This effect is shown in Fig. 1, where the undoped sam-
le exhibits the best texture, regarding Bi-rich phases (Fig. 1A),
hile Pb doped sample presents a misalignment of these phases

Fig. 1B).
After annealing, all the samples exhibit superconducting

ehavior as it is shown in Fig. 2, where resistivity as a func-
ion of temperature is displayed. However, the Pb addition leads
o a decrease of Tc, from 90 to 86 K. On the contrary, Pb doping
ncreases significantly the slope of the E–I curves. Typical E–I
urves are plotted in Fig. 3 for pure and 0.4Pb doped samples. To
larify the graphical representation normalized current has been
sed and fitted using the power law to determine the n-values. It
hould be noted that the n reflects the sharpness of the supercon-
ucting to normal transition. Therefore, for Pb doped samples
his transition is sharper (n ∼ 17) than for pure samples (n ∼ 6).
ypical values for Bi-2212 are lower than 10, while for Bi-2223
an reach values as high as 20. It is clear that for LFZ textured

amples with Pb content of 0.4 the obtained n-values are higher
han those found for Bi-2212 and they are in the range of Bi-
223. This effect has been associated to the optimal Pb content
nside of the Bi-2212 grains.11
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Fig. 2. Resistivity as a function of temperature for pure and Pb doped samples.
Critical temperatures deduced from the curves are displayed.
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ig. 3. Normalized fitted E–I curves between 1 and 20 microvolts/cm for pure
nd Pb doped samples. The n-values determined from the fitting are displayed.

The mechanical characteristics of the samples are resumed
n Table 1, where the σ, EY, Hv and Weibull parameters are
isplayed. As can be seem from this table, the hardness of the
b doped samples is higher than the undoped ones, due to the
resence of bigger amount of secondary phases.11 In both sam-
les hardness measurements reveal that radial cracks were not
ormed. In pure samples the values obtained of σ and EY, are

igher than the ones exhibited by the Pb doped. However, it is
ound a lower dispersion in measured values for the doped sam-
les, as it is demonstrated by Weibull shape parameter (Table 1).

able 1
easured mechanical properties on doped and undoped samples

ample Hv (MPa) σf (MPa) E (GPa) Weibull parameters

S0 m

.4Pb doped 295 ± 10 156 ± 10 75 ± 5 164 18.2
ndoped 205 ± 10 165 ± 30 85 ± 15 175 7.2

f
f
“
s
w

(
i
a
i
a
o

ig. 4. 3D images of fracture surface of the undoped (A) and Pb doped sample
B) obtained from LSCM.

To illustrate the fracture characteristics, two representative
ractured sample surfaces, doped and undoped, have been stud-
ed with LSCM. For each sample, two height maps (a global and
detail one), as well as 3D views and profiles of these height
aps, have been acquired and calculated. The 3D image of frac-

ure surface for undoped sample is displayed in Fig. 4A. Two
ain characteristics can be remarked. First, the visible “hill”

t the center-right has very abrupt height changes, giving the
ample a stairway-like appearance, with sharp “steps” separated
y plateau-like regions with comparatively small roughness.
he greater height difference is about 400 �m as obtained

rom the profiles of the height maps. Second, the whole sur-
ace of the sample has a texture, which could be described as
fibrous”, with prominent linear features that also show the
tep-plateau behavior of the main hill, in a less pronounced
ay.
When comparing the fracture surface of the Pb doped

Fig. 4B) with the undoped samples, some differences are eas-
ly noticeable. Firstly, the fracture surface shows a rougher look
nd is flatter than undoped one. The greater height difference

n this case is about 250 �m. Secondly, the linear structures
re less pronounced and more irregular than in the undoped
ne.
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It is very clear that there is an underlying feature common
o both samples, namely the “fibrous” texture. In the undoped
ase this texture is clearly defined, present throughout the whole
urface, and is accompanied by abrupt height steps which give
he surface a stair-like appearance. The high steps are indicative
f a high amount of elastic energy accumulation just before
racture. In the Pb doped sample, however, the surface does
ot present abrupt height changes and the base texture is not
s extended or well defined. These results, consequently, are in
greement with the microstructure of the doped and undoped
amples shown in Fig. 1, and justify the mechanical behavior of
he analyzed samples.

. Conclusions

Bulk samples of Bi-2212 with compositions Bi2Sr2CaCu2

8+δ and Bi1.6Pb0.4Sr2CaCu2O8+δ, have been prepared and
extured by a LFZ process. It has been found a more abrupt
ransition between the normal to superconductor state in the Pb
oped samples, with n-values nearly three times higher than for
he pure ones.

Lead addition eases fracture initiation and propagation, yield-
ng fracture surfaces with less marked features and a flatter
verall shape, leading to a decrease of σ and EY, which is in
greement with the microstructural analyses.
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ceedings of VIII Congreso Nacional de Materiales. Universidad Politécnica
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