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The mechanical properties of Bi2Sr2CaCu2O8+d fibers pro-
duced via laser-induced directional solidification at differ-
ent growth rates were determined through longitudinal and
transverse tension tests, as well as flexure tests. In addition,
polished sections of as-received fibers and the fracture sur-
faces of the broken samples were examined using scanning
electron microscopy to elucidate the relationship between
the microstructure and the mechanical properties. The fi-
bers were anisotropic, and the transverse fiber strength
was very low, because of early failure via cleavage of the
grains perpendicular to the c-axis. The longitudinal
strength and the degree of anisotropy increased as the fiber
growth rate decreased, whereas the transverse strength fol-
lowed the opposite trend. This behavior was due to changes
in the porosity and the alignment of the crystals along the
fiber axis.

I. Introduction

HIGH-TEMPERATURE ceramic superconductors (HTCSs) ex-
hibit very poor mechanical properties, which may hinder

their application in components that are subjected to significant
thermal stresses, such as current leads, current limiters, and
level sensors in cryogenic fluids. The flexure strength of pres-
sureless-sintered YBa2Cu3O7−d (YBCO) bars is 20–90 MPa,
whereas the fracture toughness is∼1.0–2.0 MPa?m1/2.1–3 The
low strength and toughness, as well as the scatter in the prop-
erties, are attributed to the porosity and the development of
microcracking upon cooling from the sintering temperature,
because of the thermal stresses that are generated by the ther-
moelastic anisotropy of the crystal. The strength and toughness
of pressureless-sintered Bi2Sr2CaCu2O8+d (BSCCO 2212) su-
perconductors are even lower than those measured on YBCO
bars,3,4 as densification is more difficult because the grains are
in the form of thin plates. Marked improvements in the flexure
strength of YBCO (up to 120–190 MPa) and BSCCO 2212
(∼90 MPa) superconductors can be obtained using other pro-
cessing techniques, such as extrusion,5 hot isostatic pressing,6

and sinter forging,7 which significantly reduces the porosity.
Similar results have been reported in Bi(Pb)2Sr2Ca2Cu2O8+d

(BSCCO 2223) materials that were processed using hot press-
ing8 and sinter forging,4 whose respective flexure strengths
reached 110 and 135 MPa.

BSCCO superconductors that have been manufactured by
hot pressing and sinter forging exhibit a textured microstruc-

ture. The platelike orthorhombic grains grow mainly in the
crystallographicab planes, with thec-axis [001] parallel to the
pressing or forging direction.7,8 This anisotropy influences the
superconducting properties, because the critical current density
(Jc) in the ab plane is much higher than that along thec-axis.
For instance, Gorettaet al.4 measuredJc values of 1 and 8
kA/cm2 in pressureless-sintered and sinter-forged BSCCO
2223 bars, respectively, at 77 K and zero external field. These
preliminary investigations also detected the anisotropy in the
mechanical properties of BSCCO superconductors, which fail
easily via cleavage in planes perpendicular to thec-axis.7,8

However, the above-mentioned strength data were obtained
mainly through bending tests, and it was not possible to deter-
mine the degree of anisotropy from these results. The purpose
of this investigation was to measure the actual tensile strength
in the longitudinal and transverse directions in textured HTCSs
and correlate the mechanical behavior with the microstructure.
These properties are critical in the mechanical design, and it
should be emphasized that the reduced transverse strength of
HTCSs could compromise the reliability of BSCCO compo-
nents, which may fracture by splitting under the action of the
thermal stresses that are generated during operation.

The longitudinal and transverse strengths were measured on
textured BSCCO 2212 fibers that were manufactured via laser-
induced directional solidification.9–11 The tightly focused co-
herent laser radiation induces extreme temperature gradients at
the solidification interface, which leads to directional crystal
growth in the fiber direction. This technique has demonstrated
its capability to produce textured BSCCO 2212 fibers withJc
values of >5 kA/cm2 at 80 K10 and >60 kA/cm2 at 68 K and
zero external field.11 The mechanical characterization was
completed with the determination of the elastic modulus and
the flexure strength. In addition, polished sections of as-
received fiber and the fracture surfaces of the broken samples
were examined via scanning electron microscopy (SEM), to
elucidate the relationship between the microstructure and the
mechanical properties.

II. Materials

Textured BSCCO 2212 fibers∼2 mm in diameter and >10
cm in length were manufactured using laser-induced direc-
tional solidification.9–11Powders of Bi2O3, SrCO3, CaCO3, and
CuO were mixed in the appropriate amounts to obtain an ideal
stoichiometry. The resulting mixture was calcined at 1073 K
for 1 h, ground, and then cold isostatically pressed inside latex
tubes to form circular bars. The bars were fed at constant speed
into a growth chamber, where they were transformed to tex-
tured fibers using a neodymium–yttrium aluminum garnet
(Nd:YAG) laser that was focused symmetrically around the
bars in a dry-air atmosphere. The localized laser radiation pro-
duces a short molten zone, where the temperature gradients at
the solidification interface are very high (105–106 K/m). The
molten region is maintained in an equilibrium state by the
surface tension between the feed bar and the textured fiber, and
it is displaced at the feeding rate along the fiber, which leads to
directional crystal growth. The textured fibers finally were an-
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nealed in air at 1118 K for 96 h. The superconducting critical
temperature for the textured fibers, which was defined by the
onset of diamagnetism, was∼90 K, whereas theJc values in the
longitudinal direction at 77 K and zero applied field were 2–3.5
kA/cm2. More details about the processing techniques and
transport properties can be found elsewhere.9,12

Three BSCCO 2212 fibers were processed for this investi-
gation, using different feeding rates: 10 mm/h (material A), 30
mm/h (material B), and 70 mm/h (material C). The feed bar and
the textured fiber rotated in opposite directions at a speed of 15
rpm during the process. The microstructure of the material A
fiber in the longitudinal and transverse directions is shown in
Figs. 1(A) and (B). The orthorhombic superconductor grains
grew with the crystallographicab planes oriented approxi-
mately in the fiber direction.11 They were arranged in domains
of aligned grains, which resulted from the piling of flat grains
whose thickness in thec-axis was∼0.2 mm. The total domain
thickness was 2–10mm (Fig. 1(A)). Pores were observed at the
intersections between misaligned domains. Micrographs of the
transverse section showed that the domains were randomly

oriented in the radial direction and that porosity also was con-
centrated at the intersections between domains (Fig. 1(B)).

Three fibers, each∼15 mm in length, were used to measure
the density of each material; the Archimedes method was used,
with ethanol as the medium. The results, together with the
corresponding standard errors, are shown in Table I. The den-
sity increased as the feeding rate decreased, reaching a density
of 95% of the BSCCO 2212 theoretical density (6.6 g/cm3) for
the fibers grown at 10 mm/h (material A). This effect is par-
tially due to the improvement in grain alignment in the longi-
tudinal direction at slower growth rates, which reduces the
volume fraction of pores at the intersection between misaligned
domains.13 In addition, the air bubbles that are trapped in the
molten solid may escape more easily when the speed at the
solidification interface decreases. Spherical pores induced by
these bubbles were observed in the fracture surfaces of the
specimens that were tested in tension, and their influence on
the mechanical properties is discussed in the Results section.

III. Experimental Techniques

The tensile strengths of the superconductor fibers in the
longitudinal and transverse directions were measured in a ser-
vomechanical testing machine (Model 4505, Instron, Ltd.,
High Wycombe, U.K.). Duplicate tests for each material were
performed to determine the tensile strength in the longitudinal
direction, using fibers of 30 mm in length. The experimental
setup is shown in Fig. 2(A). The fiber ends were introduced
into cylindrical cavities that were machined in aluminum
heads. The cavity diameter was 0.1 mm greater than that of the
fibers, and the superconductors were glued to the aluminum
using cyanoacrylate. The free length of the fibers between the
aluminum heads was∼10 mm. The aluminum heads were con-
nected to the actuator and the load cell of the testing machine
using nylon cords, which provided a very flexible loading sys-
tem that ensured that the bending and torsional stresses on the
superconducting fibers were negligible. The tests were per-
formed under stroke control at a crosshead speed of 2 mm/min.
The dynamic elastic modulus of the rods in the longitudinal
direction was determined using the flexural-vibration reso-
nance method on fibers of 30 mm in length (Model Grindo-
sonic MK4i, J. W. Lemmens, Belgium). The frequency of reso-
nance in these tests was∼8500 Hz.

The transverse strength of the superconductor fibers was
obtained using the diametral compression test (also known as
the Brazilian test), which is a standard procedure to measure
the tensile strength of concrete.14 Circular disks 1.2 mm thick
were cut from the rods and subjected to diametral compression
between two rigid ceramic plates (Fig. 2(B)). The tests were
performed under stroke control at a crosshead speed of 12
mm/min. Assuming that the material is linear elastic and that
the contact area between the disk and the plates is very small
(in comparison to the disk diameter,D), the stress perpendicu-
lar to the compressed diameter is tensile and constant along the
diameter. The stress (s) is given by

s =
2P

pDB
(1)

where P is the compressive load andB the disk thickness.
Although the compressive stresses in the load direction are
much higher than the transverse tensile stresses, the disk fails

Fig. 1. SEM micrographs of the microstructure of material A fiber,
grown at a rate of 10 mm/h ((A) longitudinal and (B) transverse
section).

Table I. Growth Rates, Densities, and Mechanical Properties of the Fibers

Material
Growth rate

(mm/h)
Density,r

(g/cm3)
Longitudinal elastic modulus,

El (GPa)
Longitudinal

strength,sl (MPa)
Transverse

strength,st (MPa)
Flexure

strength,sf (MPa)

A 10 6.26 ± 0.01 101 ± 6 43 ± 3 7.5 ± 0.6 139 ± 14
B 30 6.12 ± 0.02 101 ± 3 34 ± 2 6.4 ± 0.3 120 ± 7
C 70 5.97 ± 0.04 93 ± 4 26 ± 1 10.9 ± 0.4 117 ± 3
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by splitting along the compressed diameter in ceramic materi-
als and concrete, where the compressive strength is signifi-
cantly higher than the tensile strength. At least nine disks of
each material were tested.

Triplicate three-point-bend flexure tests on each material
also were performed on the superconductor rods, for compari-
son with the literature data, because all the strength measure-
ments in high-temperature superconductors that have been re-
ported to date were obtained in bending.1–8 The span of the
loading fixture was 5 mm, and the experimental setup for this
procedure is shown in Fig. 2(C). The tests were performed
under load control at a loading rate of 10 N/min. The flexure
strength was computed from the maximum load in the test,
according to the strength of materials theory for an elastic beam
of circular cross section.

The fracture surfaces of the samples broken in direct and
transverse tension, as well as in flexure, were examined via
SEM (Model JSM 6300, JEOL, Tokyo, Japan) to ascertain the
dominant failure mechanisms. In addition, longitudinal and
transverse sections of the as-received fiber were polished and
chemically etched at 300 K for 60 s with a mixture of 99%
2-butoxyethanol and 1% perchloric acid (60% concentration)
to reveal the microstructure. Then, they were examined via
SEM (see Fig. 1).

IV. Results and Discussion

The flexure strength (sf) of the fibers is shown in Fig. 3(A),
whereas the tensile strengths in the longitudinal (sl) and trans-
verse (st) directions are plotted in Fig. 3(B). The average val-
ues of these magnitudes, and the corresponding standard errors,
are shown in Table I. The dynamic elastic modulus in the
longitudinal direction (El), measured via the flexural vibration
resonance technique, also is included in Table I. Three main
conclusions can be drawn from these results. Firstly, the flex-
ure strength of BSCCO fibers processed using laser-induced
directional solidification was as good as or even better than that
reported for other textured BSCCO materials.7,8 Secondly, the
longitudinal strength of the bars was significantly lower than
the flexure strength for the three materials that were tested.
Thirdly, the diametral compression tests revealed the anisotro-
py in the mechanical properties, and the transverse strengths
were markedly lower than the longitudinal values. The ex-
tremely low transverse strength of these textured HTCSs is
worth noting.

Fig. 2. Scheme of the experimental setup ((A) longitudinal tension tests, (B) diametral compression tests, and (C) flexure tests).

Fig. 3. (A) Flexural strength and (B) longitudinal and transverse
tensile strengths of the fibers.
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The failure strength of brittle ceramics is dictated by the size
of the critical defect at which fracture is initiated. They usually
exhibit lower strength in tension than in flexure, because the
volume of material that is subjected to the maximum stress is
larger in tension than in bending, and, thus, so is the probability
of finding a critical defect. However, the differences for the
BSCCO fibers are larger than expected, and this result may be
induced by a wide distribution of defects in the fibers, with
small and large defects dispersed throughout the material. This
phenomenon should lead to significant scatter in the experi-
mental data and very low values of the Weibull modulus (m).
The number of tensile and flexure tests was not enough to
compute the value ofm; however, the scatter in the strength
values and the defect population in the fibers (which is shown
below) are consistent with this hypothesis and seem to indicate
that the Weibull modulus for the fiber strength was very low.

The rate at which the fibers were grown had little influence
on the flexure strength, although both the average strength and
the scatter seemed to increase as the growth rate decreased.
However, the longitudinal and transverse tensile strengths did
change with the fiber growth rate, and their variations were
opposed. The longitudinal strength increased∼65% whereas
the transverse strength was reduced by >30% when the growth
rate decreased from 70 mm/h to 10 mm/h. As a result, the
degree of anisotropy in the fibers, which is defined assl/st,
increased from 2.4 to 5.7.

The fracture surfaces of the fibers tested in longitudinal ten-
sion were macroscopically flat, and their analysis at low mag-
nification showed the presence of large pores, such as those

marked with arrows in Fig. 4(A). The pores were almost
spherical (Fig. 4(B)), and they probably originated from
bubbles that were trapped within the fiber during solidification.
Specimen failure occurred as the domains of aligned grains
were fractured perpendicular to the loading axis. The broken
domains, which were randomly oriented in the radial direction,
were clearly visible at the microscopic level on the fracture
surfaces (Fig. 4(C)). Analysis of these domains at higher mag-
nification showed that decohesion between the individual
grains of each domain occurred during deformation (Fig. 4(D)),
which revealed their layered structure.

This latter observation reveals the weak bonding between the
grains along thec-axis, which was responsible for the poor
transverse strength of the BSCCO fibers. The fracture surfaces
of the specimens that were tested under diametral compression
also were macroscopically flat. However, analysis of these
fracture surfaces at higher magnification showed the presence
of smooth and rugged regions of an average size that was
analogous to the domain size (Fig. 5(A)). They were dispersed
throughout the fracture surface. The smooth regions were pro-
duced via cleavage of the grains between Bi2O2 layers that
consisted of two parallel, planar BiO sheets (Fig. 5(B)). The
Bi–O bonds between adjacent layers are strongly distorted,
which leads to a large (∼0.31 nm) interlayer spacing, which
considerably reduces the binding forces and facilitates inter-
layer decohesion.15,16The rugged regions were formed by bro-
ken domains that protruded from the fracture surface (Fig.
5(C)), and their morphology was similar to that shown in Fig.
4(C) for the fractured domains in the specimens that were

Fig. 4. Fracture surfaces of material A fibers broken in longitudinal tension ((A) low-magnification micrograph (pores are marked with arrows);
(B) detail of an almost-spherical pore; (C) domains broken in tension; and (D) detail of a broken domain, showing delamination between the grains
in each domain).
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tested in longitudinal tension. Thus, the failure process in dia-
metral compression was initiated at very low stresses via the
nucleation of cracks by cleavage between Bi2O2 layers in do-
mains whosec-axis was approximately oriented in the direction
of the transverse tensile stress. The final fracture occurred via
the propagation of these cracks through the domains with the

c-axis aligned approximately perpendicular to the tensile
stresses.

The mechanical tests indicate that the longitudinal strength
increased as the fiber growth rate decreased; this observation
may be explained by two factors. Firstly, the volume fraction of
spherical pores within the fiber increases with the fiber growth
rate. These pores, which are clearly visible on the fracture
surface of material C (Figs. 4(A) and (B)), act as stress con-
centrators that help to initiate the fracture process at lower
stress levels. Secondly, the alignment of the domains in the
fiber direction improves as the growth rate is decreased;13 thus,
the fraction of domains with theab planes parallel to the fiber
axis is a maximum value for material A. The SEM analysis of
the polished longitudinal sections of the fibers was qualita-
tively consistent with this result, but quantitative measurements
of the degree of misalignment were not, possibly because of the
low contrast among the domains. Indirect evidence of the better
alignment of theabplanes along the fiber axes was provided by
the longitudinal elastic moduliEl (Table I). The elastic moduli
of BSCCO 2212 single crystals along theab plane and the
c-axis were 101 and 44 GPa,17 respectively, because the large
interlayer spacing between the BiO sheets along thec-axis
considerably reduced the crystal stiffness in this direction. The
El values of materials A and B were similar to the single crystal
value for theab planes, whereasEl for material C was∼10%
lower.

These explanations also are consistent with the results for the

Fig. 5. Fracture surfaces of material A fibers broken in transverse
tension, showing (A) the presence of smooth and rugged regions on the
fracture surface, (B) the detail of a smooth region produced by cleav-
age of the grains between Bi2O2 layers that consisted of two parallel
planar BiO sheets, and (C) the detail of a rugged region (delamination
between the grains in the domain can be observed).

Fig. 6. Fracture surfaces of a material A fiber broken in bending ((A)
macroscopic appearance, showing the coexistence of grains broken
in the longitudinal direction with failure by delamination along the
fiber axis, and (B) detail of a smooth fracture surface produced by
delamination).
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transverse tensile strength, which increased as the fiber growth
rate increased. The lowestst was obtained for materials A and
B, where theab planes were better aligned in the fiber direc-
tion; thus, the weakc-axis of the crystal were oriented in the
transverse directions. According toEl, the alignment was simi-
lar in both fibers and they exhibited the same transverse
strength (within the experimental scatter). In contrast, the de-
gree of alignment was lower for the material C fiber, and this
material presented the best transverse strength.

Thus, the fiber anisotropy increased as the growth rate de-
creased; this result was manifest on the fracture surfaces of
material A tested in bending (Fig. 6(A)). They exhibited a very
irregular morphology where grains that were broken in the
longitudinal direction coexisted with failure by delamination
along the fiber axis. The smooth fracture surface that is pro-
duced via cleavage of the grains between Bi2O2 layers during
delamination is interesting to observe (Fig. 6(B)). The simul-
taneous presence of both fracture mechanisms could be par-
tially responsible for the large scatter in the bending strength
that is observed in material A.

V. Conclusions

The longitudinal and transverse strengths, as well as the
bending strength, were measured on textured Bi2Sr2CaCu2O8+d

(BSCCO) high-temperature superconductor fiber produced via
laser-induced directional solidification, using different growth
rates. The bending strength of the fibers was as good as or even
better than that reported for BSCCO superconductors that had
been processed via hot pressing or sinter forging. The fibers
were anisotropic: the longitudinal strength was 26–43 MPa,
whereas the transverse strength was 6–11 MPa, and the degree
of anisotropy increased as the fiber growth rate decreased. The
reduced fiber strength in the transverse direction was due to the
early failure via cleavage of the grains between Bi2O2 layers
that consisted of two parallel, planar BiO sheets that were
oriented perpendicular to thec-axis of the crystal.

The improved longitudinal strength of the fiber growth at
slower rates was mainly due to the reduction in the number and
size of spherical pores that originated from bubbles that were
trapped within the fiber during solidification. In addition, the
alignment of the strongab planes of the orthorhombic crystals
in the fiber direction improved as the growth rate decreased,
and this alignment also helped to increase the longitudinal
strength. In contrast, as the strongabplanes were better aligned
in the fiber direction, the weakc-axis of the crystal were ori-
ented in the transverse directions and the transverse strength
decreased.
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