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Effect of tensile strain on grain connectivity and flux pinning
in Bi2Sr2Ca2Cu3Ox tapes
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The grain-to-grain connectivity in Bi2Sr2Ca2Cu3Ox tapes is still poorly understood, even though
they have been commercially available in long lengths for several years. This letter explains the
effects of tensile strain on the grain-to-grain connectivity in Bi2Sr2Ca2Cu3Ox tapes. The different
length scales at which damage to the grain structure occurs are studied with magneto-optical
imaging, scanning-electron microscopy, and transport current. These data show that the initial
degradation in critical current when strain exceeds the irreversible strain limit is caused by
microcracks ��100–500 nm in width� that form mainly at high-angle grain boundaries.
Filament-wide cracks ��5–10 �m in width� form at locations of lower grain density in the filaments
at strains far exceeding the irreversible strain limit. However, in contrast to previous reports, a
careful analysis of the pinning force as a function of tensile strain, taking into account current
sharing with the normal matrix by using the offset criterion, shows that intragranular flux pinning
is not affected by strain in any significant way. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2165090�
The rate of improvement in current carrying capabilities
of Bi2Sr2Ca2Cu3Ox �Bi-2223� tapes has decreased recently.
This is partly due to a shift of emphasis to other aspects of
the preparation process, including yield and cost, and partly
to the complex and still poorly understood grain-to-grain
connectivity in Bi-2223 tapes. Focus has shifted to other ma-
terials and production techniques in which the effects of
granularity are better understood and thus can be more easily
overcome.1 Nevertheless, Bi-2223 and Bi2Sr2CaCu2Ox �Bi-
2212� tapes are currently the only high-temperature super-
conductors that are commercially available in long lengths,
so that they are the materials of choice for a wide variety of
applications, even though their critical current density �Jc� is
generally understood to be limited by their grain-to-grain
connectivity. Granularity also affects the electromechanical
properties of Bi-2223 tapes. It is well known that the critical
current �Ic� of high-temperature superconductors degrades ir-
reversibly due to damage to their grain structure when the
applied strain exceeds the irreversible strain limit ��irr�.

2–5

Micrographic studies show that this damage occurs on both a
submillimeter length scale, observed with magneto-optical
imaging �MOI�,6–8 as well as on a micrometer length scale,
observed in scanning-electron microscopy �SEM� studies.9,10

A number of authors have reported a possible increase in
intragranular flux pinning in Bi-2223 tapes due to the forma-
tion of micro-cracks under tensile strain.11–13 In this letter,
we argue that microcracks will not act as additional pinning
centers. The size of effective pinning centers has to be of the
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same order of magnitude as the coherence length of the su-
perconductor �1.5 nm in the ab plane for Bi-2223�,1 whereas
the initial cracks occur on a micrometer scale; a mismatch of
at least three orders in magnitude. Also, intragranular flux
pinning is not enhanced when a Bi-2223 tape is ground into
a single-grained powder,14 which, from a mechanical view-
point, is a much more severe process than the application of
tensile strain to a conductor.

This letter also clarifies the different length scales at
which strain induced damage to the grain structure occurs in
Bi-2223 tapes. The location of micro-cracks responsible for
the initial degradation of Ic and their influence on the elec-
tromechanical properties of the tape are determined using
SEM and transport current measurements. A careful analysis
of the current-voltage curves explains the apparent shift in
macroscopic pinning force as function of tensile strain,
which has been erroneously interpreted as the source of the
additional intragranular flux pinning.

The Bi-2223 tapes are 4-mm-wide multifilamentary
tapes, produced by the oxide powder-in-tube method. They
consist of either 65 filaments �sample B-1�, 55 filaments
�sample B-2�, or 19 filaments �sample B-3�, embedded in a
pure silver matrix. Their Ic at 77 K varies between 20 and
135 A. Although samples from different manufacturers are
used, the difference in quality does not influence the results
presented in this letter.

Damage to the grain structure on a submillimeter length
scale due to tensile strain in sample B-1 is visualized with
MOI.8 The sample was zero-field cooled to 30±1 K on the
cold finger of a helium flow cryostat. An external magnetic
field of 25 mT �2% accuracy� was applied perpendicular to
the surface of the tape to visualize the spatial variation in

critical current density of the filaments. Tensile strain was

© 2006 American Institute of Physics1-1
 AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1063/1.2165090
http://dx.doi.org/10.1063/1.2165090
http://dx.doi.org/10.1063/1.2165090


022511-2 van der Laan et al. Appl. Phys. Lett. 88, 022511 �2006�
applied to the superconductor in situ, and the change in flux
shielding due to the formation of cracks was visualized. Part
of the silver matrix is etched away to expose the top layer of
filaments, refining the resolution of MOI to approximately
10 �m.

The in situ formation of microcracks under the influence
of tensile strain in sample B-2 was visualized with SEM at
room temperature. Part of the silver sheath was etched away
also to expose the top layer of filaments.

The electromechanical properties of sample B-3 were
measured on a U-shaped bending spring at the boiling point
of liquid nitrogen at sea level �77 K�.5 The sample �3 cm in
length� was soldered to the brass bending spring. The depen-
dence of the critical current on magnetic field �up to 280 mT
applied perpendicular to the tape surface� was measured at
each value of the applied tensile strain �accuracy of ±0.005%
strain�. The critical current was determined within 1% accu-
racy using both a voltage criterion and an offset criterion15 at
1 �V/cm.

Cracks spanning the width of the Bi-2223 filaments, oc-
curring about 150 �m apart, were observed in sample B-1 at
an applied strain of 0.6%, which is approximately 1.5 times
�irr. The magneto-optical image shows that an applied mag-
netic field of 25 mT partly penetrates the grain structure even
before strain is applied �Fig. 1�a��. These locations corre-
spond to areas in the filaments that are less dense due to
sausaging or pre-existing inhomogeneities caused by inter-
mediate deformation steps in the production process, which
form cracks when strain is applied �Fig. 1�b��. Although
the cracks at high strain levels form major barriers to a trans-
port current, they do not explain the initial irreversible
degradation in critical current when the applied strain just
exceeds �irr.

The damage to the grain structure that is responsible for
this initial degradation of Ic occurs at a micrometer scale,
which is far below the resolution of MOI. Microcracks form
at strains exceeding �irr, before filament-wide cracks appear
�Fig. 2�. Here, the formation of cracks as a function of tensile
strain is observed in situ by SEM, as opposed to bending
strain in previous studies.10,11 A crack approximately 10 �m
in length runs roughly horizontally in the center of Fig. 2,
perpendicular to the applied strain. The crack runs mainly
along grain boundaries but also cuts through grains them-
selves. A number of smaller cracks can occur as well, for

FIG. 1. �a� MO image of part of a filament of tape B-1 before strain is
applied. The filament runs horizontally and is partly shielded from the ex-
ternal magnetic field of 25 mT �dark areas�. �b� Less dense areas form
filament-wide cracks after strain is applied, starting at a strain of �0.61%.
The scale bar is 125 �m long.
instance in the top left corner of the image.
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Detailed information regarding the effect of microcracks
on the critical current is obtained by studying the dependence
of Ic on applied magnetic field and tensile strain at 77 K.
Current at low magnetic field �below �60 mT for sample
B-3� is carried by a network of grains that are connected at
angles larger than �4 deg, in parallel with a backbone of
strongly linked grains that are connected at angles below
�4 deg.16,17 Current is carried only by the strongly linked
backbone at high magnetic fields �above 60 mT�. Tensile
strain above �irr ��0.5% for sample B-3� affects high-angle
grain boundaries more than grains that are connected at low
angle as evidenced by a faster decrease in Ic at low magnetic
fields compared to high magnetic fields �Fig. 3�a��. For ex-
ample, the critical current at a strain of 0.83% degraded by
�75% in self-field, whereas it only degraded by �40% at
280 mT. The difference in strain sensitivity is even more
apparent from the degradation in n-value �Fig. 3�b��; the deg-
radation in self-field was 65% compared with only 10% at
280 mT. The higher strain sensitivity of high-angle grain

FIG. 2. SEM image of the grain structure of tape B-2 showing crack for-
mation after tensile strain exceeding �irr is applied in situ. The arrows indi-
cate some of the cracks. The exact amount of applied strain is unknown due
to the partial etching of the tape surface.

FIG. 3. �a� Normalized critical current of tape B-3 as function of tensile
strain at 77 K for different magnetic fields applied perpendicular to the wide
side of the tape, showing a greater strain effect at low magnetic fields. �b�

Normalized n value as a function of the tensile strain and magnetic field.
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boundaries is also supported by the SEM image in Fig. 2.
High-angle grain boundaries are not only characterized by
weaker flux pinning, but are also mechanically weaker than
low-angle grain boundaries. This conclusion is supported by
a recent report regarding over-pressure sintered Bi-2223
tapes, with nearly fully dense filaments and a highly aligned
grain structure, which shows a near-doubling of the irrevers-
ible strain limit with respect to their standard processed
counterparts.18

The question whether tensile strain affects intragranular
flux pinning in Bi-2223 tapes is addressed by studying the
strain dependence of the macroscopic pinning force �Jc

�B�. A clear shift from �100 to �150 mT in the magnetic
field �Bpeak� at which the macroscopic pinning force is maxi-
mum occurs when tensile strain exceeds �irr, with Ic deter-
mined with a 1 �V/cm voltage criterion �Fig. 4�a��. Note
that a voltage criterion is an inaccurate determination of the
critical current at relatively low currents and low n values,
especially when the superconductor is shunted by a large
amount of normal conducting material.15 The offset criterion
takes the shunting of current into account, enabling a more
accurate determination of the critical current even at low n
values. The shift in Bpeak as a function of tensile strain does
not appear when Ic is determined with an offset criterion of
1 �V/cm �Fig. 4�b��. Thus, the shift in Bpeak is not caused by
an increase in flux pinning, but by current sharing at low
currents and low n values. These findings also explain the

11–13

FIG. 4. �a� Macroscopic pinning force of tape B-3 as function of magnetic
field for different applied strains when the critical current is determined with
a voltage criterion of 1 �V/cm. The arrow indicates the shift of the maxi-
mum pinning force to higher magnetic field as the strain exceeds �irr

=0.53%. �b� Fp, when the critical current is determined with an offset cri-
terion at 1 �V/cm, shows the absence of any shift when current sharing is
corrected.
shift in Bpeak reported previously, since the data were
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analyzed with a voltage or electric-field criterion.
In summary, the different length scales at which damage

occurs in the grain structure of Bi-2223 tapes as function of
tensile strain were investigated with magneto-optical imag-
ing, scanning-electron microscopy, and transport current.
The initial degradation in critical current when the applied
strain exceeds �irr is due to the formation of microcracks on
a micrometer length scale, located mainly at high-angle grain
boundaries. Filament-wide cracks form on a submillimeter
scale at strains far exceeding �irr. The location of the cracks
is correlated with areas where the grain structure is less
dense, possibly due to sausaging or other production-related
damage. By accurately analyzing the transport data with the
offset criterion, it is concluded that intra-granular flux pin-
ning in Bi-2223 tapes is not affected by tensile strain, in
contrast to previous studies.
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