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Mechanical and electromagnetic stresses are exerted on Bi2223 /Ag /Ag alloy superconducting
composite tapes during fabrication/winding and operation, which cause reduction in critical current
when the Bi2223 filaments are damaged. In the damage process, the thermally induced residual
strain and fracture strain of the Bi2223 filaments play a dominant role. The aim of the present work
was to propose a comprehensive method for estimation of these strain values and a quantitative
description method of the relation of critical current to the applied bending/tensile strain, and to
examine the accuracy of the method in comparison with the experimental results. The residual strain
of Bi2223 filaments in the composite tape was measured by the x-ray diffraction method. The
measured residual strain value was used for analysis of the load-strain curve, from which the
intrinsic fracture strain of filaments was estimated. The relation of critical current to applied
bending/tensile strain was predicted by the proposed calculation procedure, in which the estimated
strain values were input. The predicted critical current-applied strain relation agreed well with the
experimental results, suggesting that the present method is a useful tool for prediction/description of
tensile/bending applied strain dependence of critical current of multifilamentary-type conductors.
© 2008 American Institute of Physics. �DOI: 10.1063/1.2948933�

I. INTRODUCTION

As composite superconductor tapes are subjected to
bending and tensile stresses during magnet winding and elec-
tromagnetic stress �Lorentz force� during operation,1–3 the
relation of deformation and fracture behavior of multifila-
mentary Bi2223-composite tapes to the superconducting
property has been studied widely. It has been revealed that
the critical current of the composite tapes under applied
tensile/bending strain decreases seriously beyond the irre-
versible strain due to the damage evolution, and once the
applied strain exceeds such an irreversible strain, the critical
current never returns to the original value even when the
applied strain is released, while it returns reversibly below
the irreversible strain.1–27 For description of damage behav-
ior of Bi2223 filaments that transport superconducting cur-
rent, two important parameters have been
mentioned.4,13,14,16,19,21,27 One is the intrinsic fracture strain
�Bi,f and another is the residual strain �Bi,r. If the Bi2223
filaments are tested alone, they fracture at the intrinsic frac-
ture strain �Bi,f. In practice, as they are embedded in Ag and
the assembly is sheathed with Ag alloy, they have residual
strain �Bi,r which arises during cooling from the heat-
treatment temperature due to the difference in coefficient of
thermal expansion among the constituents �Bi2223, Ag, and
Ag alloy sheath�. The residual strain of Bi2223 filaments is
compressive in the current-transportation direction since the
coefficient of thermal expansion of Bi2223 is lower than that

of Ag and Ag alloy.4,9,10,13,15,20,21,27 Thus, the fracture of the
Bi2223 filaments embedded in the composite tape is retarded
by −�Bi,r under applied tensile strain. As the fracture strain
�Bi,f of the Bi2223 filaments is not necessary high �around
0.1%�,4,9,11,13,18,19,21,22,27 the residual strain �Bi,r contributes
largely to the strain tolerance of critical current of the com-
posite tape.

The aim of the present work is to develop a simple esti-
mation method of the residual and intrinsic tensile fracture
strains of Bi2223 filaments in the current-transport direction
�sample length direction� and to describe the relation of criti-
cal current to bending strain and irreversible tensile strain for
critical current with the estimated strain values. The present
work consists of the following measurement and analysis.

�1� Measurement of residual strain �Bi,r of Bi2223 fila-
ments in the composite tape at room temperature. The x-ray
diffraction method was used. The result will be presented in
Sec. III.

�2� Estimation of intrinsic fracture strain �Bi,f of Bi2223
filaments. The applied tensile strain at which damage of
Bi2223 filaments takes place in the composite tape, corre-
sponding to �Bi,f-�Bi,r, was estimated from the load-strain
curve at room temperature. In this approach, the feature that
the load carrying capacity of the composite tape with frac-
tured Bi2223 filaments is reduced in comparison with that
without fractured ones11,13,21 was used. Combining the esti-
mated �Bi,f-�Bi,r value with the �Bi,r value estimated in �1�,
we obtained �Bi,f value, as will be shown in Sec. III.

�3� Application of the estimated �Bi,f and �Bi,r values ata�Electronic mail: shojiro.ochiai@materials.mbox.media.kyoto-u.ac.jp.
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room temperature to describe the change of critical current
with increasing applied bending strain �B of the samples
bent at room temperature. In this experiment, the damage
was given to the composite tape by bending at room tem-
perature. The bent composite tape was cooled down to 77 K,
at which the critical current was measured. The �Bi,f and �Bi,r

values estimated in �1� and �2� were used in the modeling
analysis for prediction of the relation of critical current to
bending strain. The predicted relation agreed well with the
measured one, as will be shown in Sec. IV.

�4� Calculation of change in residual strain of the con-
stituents (Bi2223, Ag, and Ag, alloy) as a function of tem-
perature between room temperature and 77 K. The residual
strain change in each constituent from room temperature to
77 K was calculated with the rule of mixtures,27 in which the
yielding behavior of Ag was incorporated. The result will be
presented in Sec. V.

�5� Application of the �Bi,f and �Bi,r values at 77 K cal-
culated in (4) to predict the irreversible tensile strain �T,irr

for critical current at 77 K. In the experiment, the tensile
strain was given to the composite tape at 77 K and critical
current was measured also at 77 K. In this case, the sample
was damaged at 77 K in contrast to the case of bending
where the sample was damaged at room temperature. The
irreversible tensile strain �T,irr for critical current, being
equal to �Bi,f-�Bi,r at 77 K, was predicted from the results of
�4� above. The predicted value was close to the experimental
one, as will be shown in Sec. V.

As shown later in detail, the approach of the present
work was found to be a useful tool for estimation of residual
and fracture strains of the filaments, and yield strains of Ag
and Ag alloy, and for description/prediction of the irrevers-
ible tensile strain of critical current and variation of critical
current as a function of bending strain. The application of the
present approach is not limited to Bi2223 filamentary tapes.
It can be applied also to Bi2212 and MgB2 multifilamentary
tapes and wires in the same manner as in the present work.
The procedure and used formulae are simple, which is also a
merit in application.

II. EXPERIMENTAL DETAILS

The multifilamentary Bi2223 /Ag /Ag alloy composite
tape, fabricated at Korea Electrotechnology Research Insti-
tute �KERI�, was used as the experimental sample. It con-
tained 55 Bi2223 filaments. The thickness and width of the
sample were 0.23 and 4.1 mm, respectively. The cross sec-
tion of the sample is shown in Fig. 1�a�. When the thickness
direction is three times enlarged from the as-observed one in
Fig. 1�a�, the region where the Bi2223 filaments that trans-
port the superconducting current are embedded in Ag is
clearly found, as surrounded with the broken curve in Fig.
1�b�. Such a region is noted as core in this work. When the
filaments are damaged, the critical current is reduced. The
relation of critical current to the damage evolution, shape of
the core, and bending strain will be discussed in Sec. IV.

The thermal history of the present sample is presented in
Fig. 2. The sample had been cooled down from the heat-
treatment temperature TH to room temperature �RT�1� in Fig.

2� and then to 77 K �1� for precheck of the critical current at
KERI and had been warmed up to room temperature �RT�2��.
At RT�2�, the sample was sent from KERI to Kyoto Univer-
sity, at which experiments were carried out. In the measure-
ment of the critical current-bending strain relation, the
sample was bent at RT�2� and cooled down to 77 K �2� at
which the critical current was measured. In the measurement
of the critical current-tensile strain relation, the sample was
pulled in tension at 77 K �2� and, subsequently, the critical
current was measured at the same temperature of 77 K �2�.
In this way, the bending damage was given at room tempera-
ture and the tensile one at 77 K.

In order to estimate the mechanical property values for
analysis of residual strain and to estimate the intrinsic frac-
ture strain of Bi2223 filaments in the composite, tensile test
was carried out using a universal testing machine �autograph
AG-50kNG, Shimadzu, Japan� at a strain rate of 2�10−4 /s
at room temperature �RT�2�� for a gage length of 25 mm.
Tensile strain was applied in the sample length direction
�current transport direction�. The strain of the composite tape
was measured with a very light weight extensometer devel-
oped by Nyilas.17,24 For estimation of the residual strain of
Bi2223 filament in the composite at room temperature
�RT�2��, in-site strain measurement of Bi2223 filaments in
the composite tape under the externally applied tensile strain
�T of 0–0.08% was carried out at the beam line 46XU of a
synchrotron-radiation facility, SPring 8, Japan. The experi-
ment was carried out in a similar manner to our former

FIG. 1. Transverse cross section of the composite tape. �a� shows the as-
observed optical micrograph. �b� shows the modified micrograph, in which
the thickness direction is three times enlarged from �a�. The broken curve in
�b� shows the shape of the core.

FIG. 2. Thermal history of the sample.
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work.27 The x-ray from an undulator was monochromatized
into a beam of 22 keV and introduced to the sample position.
The beam size was 0.5�1.0 mm2. To prepare the strain-free
reference sample, the bare Bi2223 filaments were extracted
from the composite tape by etching away the Ag and Ag
alloy with a NH4OH /H2O2 solution. The peak positions of
the �200� and �220� planes were measured for the strained
Bi2223 filaments in the composite as well as for the strain-
free extracted ones. From the difference in the peak position
between the strained and strain-free Bi2223 filaments, the
strain of Bi2223 filaments in the composite was estimated for
each plane and the results were averaged. The residual strain
�Bi,r of the Bi2223 filaments at RT�2�, corresponding to the
strain value at �T=0%, was estimated by applying the least
square method to the measured relation of �Bi to �T.

The measurement of critical current Ic of bent samples
was carried out with the procedure employed in the round
robin test.25 In the present work, the bending strain �B was
given to the sample at RT�2� by pressing the sample with the
upper GFRP die to the lower one with the same curvature
�Fig. 3�. The voltage taps and current terminals were sol-
dered with the bent sample. The bending strain �B corre-
sponding to the tensile strain in the sample length direction
of the outer surface of the composite in the tensile side, is
given by

�B = t/�2R� , �1�

where t is the thickness of the sample �0.23 mm in the
present work� and R is the radius of the die. Six pairs of dies
with the radius R=� �straight dies�, 61.6, 34.0, 22.3, 17.3,
and 13.8 mm, were used to give bending strain, correspond-
ing to �B=0, 0.19%, 0.34%, 0.52%, 0.67%, and 0.83%, re-
spectively. The sample bent at room temperature was cooled
down to 77 K �77 K �2� in Fig. 2�, at which the critical
current Ic was measured by the ordinary four probe method
with a criterion of 1 �V /cm in the self-magnetic field. The
distance between the voltage taps was 30 mm. After the mea-
surement of the critical current, the sample was warmed up
to room temperature. Then the bending strain was raised to
the next prescribed one and the sample was again cooled
down to 77 K for measurement of critical current. Such a
procedure was repeated to obtain the critical current-bending
strain relation.

The measurement of the change of critical current Ic of
the composite tape under tensile strain was carried out in the
following procedure. Both ends of the sample were gripped
at room temperature. The gripped sample was cooled down
to 77 K �77 K �2� in Fig. 2�. In order to keep the zero strain
state of the sample during cooling down, the load induced by

the shrinkage of the sample was monitored with a load cell
and the location of the cross head was controlled as to keep
the monitored load value to be zero. The sample cooled
down to 77 K was pulled in tension also at 77 K. The tensile
strain �T of the sample at 77 K was measured with the
Nyilas-type extensometers17,24 as well as that at room tem-
perature. The applied tensile strain was raised in step of
around 0.03%. The critical current was measured in the same
manner as that for bent samples.

III. RESIDUAL AND FRACTURE STRAINS OF BI2223
FILAMENTS ALONG THE SAMPLE LENGTH AT
ROOM TEMPERATURE

Figure 4 shows the change of the strain �Bi of Bi2223
filaments in the composite along the sample length direction
with increasing applied tensile strain �T at room temperature
�RT�2� in Fig. 2�, measured by the x-ray diffraction method.
From the regression analysis of the measured �Bi-�T relation
and extrapolation to �T=0, the residual strain �Bi,r of Bi2223
at RT�2� was estimated to be −0.12%.

Figure 5�a� shows the tensile load �Lc�-strain ��T� curve
of the composite at room temperature �RT�2��. It is noted that
we need not convert the load-strain curve to stress-strain one
for the present purpose. We can use directly the measured
load-strain curve to estimate various mechanical parameter
values necessary for calculation as follows. The curve is
characterized by the following three regions.13,27

�1� region I: Bi2223, Ag and Ag alloy deform elastically;
�2� region II: Bi2223 and Ag alloy deform elastically,

while Ag deforms plastically;
�3� region III: Bi2223 deforms elastically, while Ag and

Ag alloy deform plastically.

The strain hardening coefficient of metal is, in general,
far lower than the Young’s modulus. Noting the Young’s
modulus as E and cross-sectional area as A, the Young’s
modulus of the composite tape in each region is approxi-
mately expressed by13,27,28

FIG. 3. Bending device.

FIG. 4. Change of strain �Bi of Bi2223 filaments with applied tensile strain
�T at room temperature �RT�2� in Fig. 2�, measured with the x-ray diffrac-
tion method.
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region I: Ec,IAc = EBiABi + EAgAAg + EAlloyVAlloy, �2�

region II: Ec,IIAc = EBiABi + EAlloyVAlloy, �3�

region III: Ec,IIIAc = EBiABi, �4�

where the subscripts c, Bi, Ag, and Alloy refer to the com-
posite, Bi2223, Ag, and Ag alloy, respectively. Ec,IAc, Ec,IIAc,
and Ec,IIIAc correspond to the slopes of 0A, BC and DE in
Fig. 5�a�, respectively. The Ec,IAc, Ec,IIAc, and Ec,IIIAc values,
measured from the slopes in Regions I, II and III, were 69.4,
51.7, and 34.7 kN, respectively. Substituting these measured
values into Eqs. �2�–�4�, we have 34.7, 17.7, and 17.0 kN for
EBiABi, EAgAAg, and EAlloyAAlloy, respectively. These values,
together with the estimated values of yield strain �0.025%� of
Ag shown below, will be used later in Sec. V for estimation
of residual strain change of the constituents �Bi2223, Ag and
Ag alloy� between room temperature and 77 K.

The strain at the transition from region I to II, corre-
sponding to the yielding of Ag, was read to be 0.05% and
that from region II to III, corresponding to the yielding of Ag
alloy, to be 0.12%, respectively. As has been shown in Fig. 2,
the sample had been cooled down from the heat-treatment
temperature to 77 K �1� and had then been warmed up to
room temperature RT�2� �293 K�. As Ag is soft and the co-
efficient of thermal expansion of Bi2223 is lower than that of
Ag and Ag alloy, Ag is yielded in tension at 77 K.27 Upon
warming up from 77 K �1� to RT�2�, compressive stress is
exerted on Ag. As shown later in detail in Sec. V, the incre-
ment in temperature of 216 K �293 K–77 K� is large enough
to cause compressive yielding of Ag. Thus, at RT�2�, Ag is
yielded in compression. Accordingly, in region I, Ag deforms
elastically from the yielded state in compression to that in
tension. Noting the yield strain of Ag as �Ag,y, and approxi-
mating the Ag as an elastic-perfect plastic body where the
strain hardening in the plastic deformation range is treated to
be zero and the stress in the plastic deformation stage is
treated to remain constant, the strain at the transition from
region I to II in the stress-strain curve of the composite in
Fig. 5�a� corresponds to 2�Ag,y. As 2�Ag,y is read to be
0.05%, �Ag,y is estimated to be 0.025%.

As shown later in Sec. V, Ag alloy has a residual strain
0.27% before tensile test. When the tensile strain is applied

to the composite, Ag alloy deforms elastically up to the tran-
sition from region II to III ��T=0.12% � and then deforms
plastically in region III.

In the early stage of region III, the Bi2223 filaments do
not fracture. At the end of region III, they fracture, due to
which the load carrying capacity of the composite is reduced
in comparison with that of the composite without fracture of
the filaments.11,13,21,27,29 Figure 5�b� shows enlarged stress-
strain curve of the part surrounded by the rectangle in �a�.
The open circle in Fig. 5�b� shows the deviation of load
carrying capacity at around 0.22% strain from the extrapola-
tion of the load-strain relation in the undamaged region. This
means that the fracture of the filaments in the composite tape
occurs at �T=0.22%. At �T=0%, the strain at RT�2� of the
filaments along the sample length is equal to �Bi,r �=
−0.12% as shown above�. Under applied tensile strain, the
strain of Bi2223 becomes zero at �T=−�Bi,r and, with further
increasing �T, it reaches the intrinsic fracture strain �Bi,f at
�T=0.22%. From the value of 0.22% corresponding to
�Bi,f-�Bi,r and the value of �Bi,r=−0.12%, the �Bi,f is esti-
mated to be 0.10%. The estimated value is similar to the
reported value of around 0.1%.4,9,11,13,18,19,21,22,27

IV. CRITICAL CURRENT—BENDING STRAIN
RELATION IN WHICH THE BENDING STRAIN WAS
GIVEN AT ROOM TEMPERATURE AND
CRITICAL CURRENT WAS MEASURED AT 77 K

The shapes of the core, in which the superconducting
current-transporting Bi2223 filaments are embedded in Ag,
has been shown in Fig. 1�b�. In the present work, the sample
width direction was taken as x, the sample thickness direc-
tion as y, and the center of the sample as x=y=0, as shown
in Fig. 6. The shape of the core �ABCDEFGHA in Fig. 6�
was approximated by the ninth order polynomials, as fol-
lows. The length unit for x and y is mm.

CDE in Fig. 6: ycore = 0.066 0214 − 0.040 517 3x

+ 1.030 50x2 − 4.052 39x3

+ 8.940 14x4 − 12.6431x5 + 11.3895x6

− 6.229 52x7 + 1.870 94x8

− 0.235 769x9, for 0 � x � 1.95,

ABC: symmetry with EDC with respect to x = 0,

FIG. 5. Measured tensile load-strain
curves of the composite tape at room
temperature �RT�2��. The region sur-
rounded by the rectangle in �a� is pre-
sented at high magnification in �b�.
The open circle in �b� shows the de-
viation of load carrying capacity from
the extrapolation of the load-strain re-
lation in the undamaged region.
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AHGFE: symmetry with ABCDE with respect to y = 0. �5�

In our preceding work,29 to describe the relation of criti-
cal current to bending strain, core shape-incorporated model
was presented. In the modeling, the case where the damage
extends only in the region �y�0� above the neutral axis, was
taken up. Such a model could describe the experimental re-
sults for other fabrication route—samples bent up to 1.0%. In
the present work, such a model with the estimated values of
�Bi,f �tensile fracture strain of Bi2223 filaments� and �Bi,r

�residual strain� is used for prediction of critical current-
bending strain relation. The predicted relation will be com-
pared with the experimental result at the end of this section.

The relation of the geometry of the cross-section to the
location of the damage front is presented in Fig. 6, where t
and Wsc are the thickness of the composite and width of the
core, respectively. The bending strain �B is defined as the
tensile strain at the outer surface of the composite �y= t /2 in
Fig. 6�. When the sample is bent, the damage occurs first at
ycore=ycore,max when �B reaches the irreversible bending
strain for critical current �B,irr, where ycore,max �=0.103 mm in
the present sample� is the maximum value of ycore �Eq. �5��,
corresponding to the location of the core nearest to the outer
surface of the sample. The y coordinate of the damage front,
yf, is equal to ycore,max at �B=�B,irr, and it extends to y1, y2,
and y3 at �B=�B,1, �B,2 and �B,3, respectively, as shown in
Fig. 6. Under the bending strain, the damage of the Bi2223
filaments is caused by the exerted tensile strain � of the
filaments along the sample length direction.19,23,29 The tensile

strain � varies with y, and the �-y relation varies with bend-
ing strain �B. Such a situation is schematically drawn in Fig.
7, in which the damage front �yf =ycore,max, y1, y2, and y3 at
�B=�B,irr, �B,1, �B,2, and �B,3, respectively� corresponds to the
geometrical situation in the cross section shown in Fig. 6.
The relation among the shape of the core, bending strain,
damage evolution, and critical current under bending strain is
formulated as follows. The tensile strain � of Bi2223 fila-
ments in the sample length direction in the bent composite is
expressed by �= ��B / �t /2��y.19,29 As the Bi2223 filaments
have the residual strain �Bi,r �−0.12% in the present work�,
the total strain of the filaments is expressed by19,29

� − �Bi,r = ��B/�t/2��y . �6�

Noting the intrinsic tensile fracture strain of the filaments as
�Bi,f and the damage front as yf, and substituting �=�Bi,f and
y=yf into Eq. �6�, we have yf as a function of �B in the form,

yf = ��Bi,f − �Bi,r�/��B/�t/2�� . �7�

The irreversible bending strain �B,irr is calculated by substi-
tuting yf =ycore,max and �B=�B,irr into Eq. �7�;

�Bi,irr = ��Bi,f − �Bi,r�/�ycore,max/�t/2�� . �8�

With increasing �B beyond �B,irr, the damage front yf

moves to the neutral axis �y=0� �Figs. 6 and 7�, resulting in
reduction of the cross-sectional area of the current transport-
ing Bi2223 filaments and therefore critical current. The nor-
malized critical current, Ic / Ic0, where Ic0 is the critical cur-

FIG. 6. Geometry of the cross section, and the defini-
tion of x and y. Under applied bending strain, the dam-
age of the Bi2223 filaments in the core occurs first at
ycore,max when bending strain reaches �B,irr. For the
bending strain beyond �B,irr, the damage front moves to
y1, y2, and y3 at the bending strains �B,1, �B,2, and �B,3,
respectively.

FIG. 7. Schematic representation of the relation of the
damage extension to the bending strain ��B�.
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rent at zero applied strain, is given by the ratio of the cross-
sectional area of the surviving �undamaged� region
�−ycore,max�y�yf� to that of overall core;

Ic/Ic0 = 1 − 2�
0

Wsc/2

�ycore − yf�dx/Acore, �9�

where Acore is the cross-sectional area of the core. Substitut-
ing ycore �Eq. �5�� and yf �Eq. �7�� into Eq. �9�, we have

Ic/Ic0 = 1 − 2�
0

Wsc/2

�ycore − ���Bi,f − �Bi,r�

��t/2��/�B�dx/Acore, for �B � �B,irr. �10�

For �B��B,irr, where no damage occurs, Ic / Ic0 is 1�unity�.
Figure 8 shows the measured change of Ic / Ic0 with in-

creasing bending strain �B. For �B�0.2%, the Ic / Ic0 de-
creases with increasing �B. Substituting the estimated/
measured values of �Bi,f =0.10%, �Bi,r=−0.12%, ycore,max

=0.103 and t=0.23 mm into Eq. �8�, we have �B,irr=0.25%.
Thus, Ic / Ic0=1 for �B�0.25%. Also substituting the
estimated/measured values of �Bi,f =0.10%, �Bi,f =−0.12%,
Wsc=4.1 mm, Acore=0.660 mm2 and ycore �Eq. �5�� into Eq.
�10�, we have Ic / Ic0 as a function of �B for �B

�0.25% ��B,irr�. The calculation result is presented with a
solid curve in Fig. 8. The calculation result describes well the
experimental result, indicating that the approach mentioned
above is valid.

V. RESIDUAL STRAIN CHANGE BETWEEN ROOM
TEMPERATURE AND 77 K AND IRREVERSIBLE
TENSILE STRAIN FOR CRITICAL CURRENT AT 77 K

During cooling down from the heat-treatment tempera-
ture, the residual strain is accumulated in each constituent
due to the difference in thermal expansion coefficient among
the constituents.4,9,10,13,15,20,21,27 The present sample had been
cooled down to 77 K �1� and then heated to room tempera-
ture RT�2�, at which the residual strain of Bi2223 was mea-
sured, as has been shown in Fig. 2. At RT�2�, Ag had been

yielded in compression, as has been shown in Sec. III. In this
section, the residual strain change in the constituents
�Bi2223, Ag, and Ag alloy� between RT�2� and 77 K �2� is
calculated, as follows.

The residual strain �Alloy,r of the Ag alloy at RT�2� can
be estimated as follows. The residual strain �Bi,r of Bi2223
was measured to be −0.12% at RT�2� by x-ray diffraction in
Sec. III. The elastic component of the residual strain �Ag,r at
RT�2� was estimated to be −0.025% �=−�Ag,y� from the
stress-strain curve in Sec. III. The residual forces of Ag, Ag
alloy, and Bi2223 are expressed by �Ag,rEAgAAg,
�Alloy,rEAlloyAAlloy and �Bi,rEBiABi, respectively. As externally
applied load is zero, the sum of the residual forces of the
constituents is zero which is expressed by

�Ag,rEAgAAg + �Alloy,rEAlloyAAlloy + �Bi,rEBiABi = 0. �11�

Substituting the aforementioned values of �Ag,r=−0.025%,
EAgAAg=17.7 kN, EAlloyAAlloy=17.0 kN, �Bi,r=−0.12% and
EBiABi=34.7 kN into Eq. �11�, we have �Alloy,r=0.27% at
RT�2�. The strain at which Ag alloy in the composite yields
was 0.12%, as has been shown in Fig. 5�a�. Thus, the yield
strain of Ag alloy itself is 0.39%. As Young’s modulus of the
Ag alloy has been reported to be 88 GPa,20 the yield stress is
estimated to be around 340 MPa. This value is close to the
reported value of 330 MPa estimated from the stress-strain
curve.20

As Ag and Ag alloy have higher coefficient of thermal
expansion than Bi2223 filaments, tensile strain is induced in
Ag and Ag alloy during cooling and compressive one in
Bi2223 filaments, while compressive strain is induced in Ag
and Ag alloy and tensile one in Bi2223 filaments during
heating. As Ag has low yield strain �0.025%, as has been
shown in Sec. III�, it is yielded in tension and in compression
during cooling and heating, respectively, when the exerted
strain reaches the yield strain. The change of residual strain
during cooling from RT�2� to 77 K �2� is estimated as fol-
lows.

Upon cooling down from RT�2� to 77 K �2�, tensile
strain is induced in Ag. As Ag has been yielded in compres-
sion at RT�2� by the warming up from 77 K �1� to RT �2�, the
stress direction becomes reverse upon cooling down from
RT�2� to 77 K �2�. In such a situation, Ag deforms elastically
until it comes to be yielded in tension on the way from RT�2�
to 77 K �2�, as shown below. Within the range where Ag
deforms elastically as well as Bi2223 and Ag alloy, the co-
efficient of thermal expansion of the composite �c,I is ex-
pressed by Eq. �12� based on the rule of the
mixtures.4,9,13,18,23,27,28

�c,I = ��BiEBiABi + �AgEAgAAg

+ �AlloyEAlloyAAlloy�/�EBiABi + EAgAAg

+ EAlloyAAlloy� , �12�

where �Bi, �Ag, and �Alloy are the coefficients of thermal
expansion of Bi2223, Ag, and Ag alloy, respectively. The
values of EBiABi, EAgAAg, and EAlloyAAlloy have been esti-
mated in Sec. III. The coefficients of thermal expansion of
Bi2223, Ag, and Ag alloy in the relevant temperature range
are approximately given by �Bi=11.0�10−6 /K27 and �Ag

FIG. 8. Measured change of critical current Ic / Ic0 with bending strain ��B�,
together with the calculated one �solid curve�. The open circles show the
average and the error bars show the maximum and minimum values mea-
sured for six test specimens. In this experiment, the specimens were bent at
RT�2� and cooled down to 77 K �2�, at which the critical current was
measured.
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=�Alloy=17.1�10−6 /K.27 Substituting these values into Eq.
�4�, we have �c,I=14.1�10−6 /K.

In the range where Ag deforms elastically, the change in
residual strain 	�i �i=Bi2223, Ag, and Ag alloy� of each
constituent for the temperature difference 	T is given
by13,27,28

	�i = ��c,I − �i�	T �i = Bi2223, Ag, and Ag alloy� .

�13�

As the elastic component of the residual strain of Ag at
RT�2� is −�Ag,y, the total elastic strain of Ag at a temperature
T is expressed by −�Ag,y+ ��c,I−�Ag��T−RT�. When it
reaches �Ag,y at T=T*, Ag is yielded in tension. T* is calcu-
lated by

T* = 2�Ag,y/��c,I − �Ag� + RT. �14�

Substituting �Ag,y=0.025%, �c,I=14.1�10−6 /K, and �Ag

=17.1�10−6 /K into Eq. �14�, we have T*=126 K. The re-
sidual strain at T=T* of each constituent is calculated by

�i,r,T* = ��c,I − �i��T* − RT� + �i,r

�15�
�i = Bi2223, Ag, and Ag alloy� ,

where �i,r is the residual strain at RT�2�.
With further cooling from T* to 77 K �2�, Ag behaves

plastically. Within the range where Ag deforms plastically,
the coefficient of thermal expansion of the composite �c,II is
approximately given by4,27,28

�c,II = ��BiEBiABi + �AlloyEAlloyAAlloy�/�EBiABi

+ EAlloyAAlloy� . �16�

Substituting the aforementioned values of �Bi, �Alloy, EBiABi,
and EAlloyAAlloy into Eq. �16�, we have �c,II=13.0�10−6 /K.
The change in residual strain of the Ag alloy and Bi2223 for
the temperature difference 	T under plastically deforming
Ag is given by

	�i = ��c,II − �i�	T �i = Bi2223 and Ag alloy� . �17�

The total strain of Ag under plastic deformation is the sum of
the elastic strain �Ag,elast and plastic one �Ag,plast. Under the
approximation of Ag as an elastic-perfect plastic body where
the strain hardening in the plastic deformation range is
treated to be zero and the stress in the plastic deformation
stage is treated to remain constant, only the elastic compo-
nent �Ag,elast in the total strain is responsible for the load
carrying capacity of Ag. The elastic component of residual
strain of Ag, �Ag,r, under tensile plastic deformation is given
by +�Ag,y. The residual strain at T=77 K �2� is calculated by

�Ag,r,77�2� = + �Ag,y, �i,r,77�2� = ��c,II − �i��77 − T*� + �i,r,T*

�18�
�i = Bi2223 and Ag alloy� ,

where T* is 126 K as stated above. The calculated changes
of the residual strain value of the constituents during cooling
from RT�2� to 77 K �2� are presented in Fig. 9.

As shown in Fig. 9, the residual strain of Bi2223 fila-
ments at 77 K was calculated to be −0.18%. The intrinsic

fracture strain of Bi2223 filaments at room temperature of
the present sample was estimated to be 0.1%, as has been
shown in Sec. III. Assuming the intrinsic fracture strain at
77 K is same as that at RT, the fracture strain of Bi2223
embedded in the composite at 77 K, �Bi,f−�Bi,r, correspond-
ing to the irreversible tensile strain �T,irr of the composite at
which the critical current starts to be reduced by the fracture
of the filaments, was predicted to be 0.28%.

In order to examine whether the critical current is actu-
ally reduced at such a predicted irreversible strain value or
not, the change of the critical current Ic was measured at
77 K as a function of applied tensile strain �T for two speci-
mens. Figure 10 shows the result, in which the critical cur-
rent Ic is normalized with respect to that of the sample under
no applied strain, Ic0, as similarly as that for bending �Fig. 8�.
Concerning the Ic / Ic0-�T relation, it has been known that the
Ic / Ic0 value decreases linearly with increasing �T due to the
intrinsic strain dependence of the critical current.11,21 The
empirical relation Ic / Ic0 to �T for �T��T,irr has been derived
to be21

Ic/Ic0 = 1 − 0.09�T��T: % � . �19�

With Eq. �19�, the measured Ic / Ic0-�T relation for three dif-
ferent fabrication route samples11 has commonly been de-

FIG. 9. Calculated residual strain change of each constituent during cooling
from RT�2� to 77 K �2�.

FIG. 10. Measured change of the normalized critical current Ic / Ic0 with
increasing applied tensile strain �T on composite and estimated irreversible
strain �T,irr. In this experiment, the samples were pulled in tension at 77 K
and the critical current was successively measured at the same temperature.
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scribed well.21 The present result up to �T=0.29% was also
described by Eq. �19� and the result beyond 0.29% deviated
from the extrapolation of Eq. �19�, as shown in Fig. 10. Thus,
0.29% was identified as the irreversible tensile strain �T,irr in
the present sample, which was close to the predicted value of
0.28%.

It is noted that the fracture strain of filaments is not
unique, being different to each other.30 Accordingly, fila-
ments are not fractured simultaneously and Ic / Ic0 does not
drop suddenly, as shown in Fig. 10. However, the severe
reduction in Ic / Ic0 occurs within a limited small strain range
under tensile applied strain �Ic / Ic0 goes down to around 0.5
by 0.05% tensile strain increment after the irreversible strain
�Fig. 10��. On the other hand, under the bending strain, the
Ic / Ic0 goes down rather gradually in wide strain range �it
goes down to around 0.65 by 0.6% bending strain increment
after the irreversible strain �Fig. 8��. The gradual decrease in
Ic / Ic0 under the bending applied strain stems from the
gradual extension of damage front with increasing strain, as
has been shown in Sec. IV.

It was shown in the present work that the change of
critical current at 77 K by bending at room temperature and
tensile irreversible strain for critical current at 77 K under
applied tensile strain at 77 K can be predicted from the mea-
surement of residual strain of Bi2223 filaments and stress-
strain curve of the composite tape at room temperature. The
present approach is simple and applicable to any fabrication-
route samples, being a useful tool for prediction of critical
current change of filamentary conductors under tensile and
bending strains.

VI. CONCLUSIONS

�1� An estimation method of residual and fracture strains of
Bi2223 filaments at room temperature and 77 K, which
uses tensile test, x-ray diffraction measurement, and
modeling analysis, and a prediction method of critical
current change under tensile and bending strains using
the estimated residual and fracture strains of the fila-
ments were presented.

�2� The residual strain of Bi2223 filaments in the composite
tape at room temperature was estimated to be −0.12%
by the x-ray diffraction method. The intrinsic fracture
strain of Bi2223 filaments was estimated to be 0.1%
from the analysis of load-strain curve in combination
with the residual strain value. With these values, the
measured change of critical current measured at 77 K as
a function of bending strain applied at room temperature
was described well.

�3� The changes of residual strain of Bi2223 filaments, Ag,
and Ag alloy in the composite tape during cooling from
room temperature to 77 K were calculated as a function
of temperature with the rule of mixtures. The calculated
residual strain of Bi2223 at 77 K and the intrinsic frac-
ture strain estimated in �2� predicted the irreversible ten-

sile strain for critical current at 77 K to be 0.28%, which
was very close to the experimental value of 0.29%.
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