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Abstract

A prediction method of the critical current-bending strain relation of the Bi2223
composite tape, which was bent at room temperature and cooled down to 77K for
measurement of critical current, was presented. The present method consisted of (a)
measurement of residual strain of Bi2223 filaments at room temperature in the sample
length direction by the X ray diffraction method, (b) estimation of tensile fracture strain
of the filaments from the analysis of the load-strain curve at room temperature, (c)
measurement of geometrical factors such as the thickness of the sample and shape of the
core by observation of the cross-section with optical microscope, and (d) calculation of

the critical current as a function of bending strain by using the measured parameters



mentioned in (a), (b) and (c). The predicted variation of critical current with bending

strain by the present approach described well the experimental one.
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1. Introduction

It has been known that the critical current of Bi2223/Ag/Ag alloy composite tapes
decreases with increasing applied tensile (er) and bending (&) strains beyond the
irreversible strain due to the damage evolution of the Bi2223 filaments [1-13]. In the
damage evolution process under the applied tensile strain, the residual strain &s;, of the
filaments, which arises during cooling due to the difference in coefficient of thermal
expansion among the Bi2223 filaments, Ag and Ag alloy [3,7,9,10,12] and tensile
fracture strain ggi¢ Of the filaments in the sample length direction (current transport
direction) play a dominant role in the damage process. Under the applied bending strain,
they also play a dominant role since the damage is caused by the tensile strain in the
sample length direction [10,13]. However, the damage process under bending strain is
different from that under tensile strain, since the exerted tensile strain in the bent sample
is dependent on the location and therefore the damage amount is dependent on the shape
of the core, as will be shown later in detail. Thus, for description of critical
current-bending strain relation, the shape of the core as well as &g and &g ¢ values are
needed [13].

The aim of the present work is to present a simple approach for prediction of the
critical current at 77K of the composite tape bent at room temperature. The present
approach consists of (a) measurement of residual strain of Bi2223 filaments at room
temperature in the sample length direction by the X ray diffraction method, (b)
estimation of tensile fracture strain of the filaments at room temperature from analysis
of the load-strain curve measured by the tensile test, in which the residual strain value

measured in (a) was taken into consideration, (c) measurement of geometrical factors



such as the thickness of the sample and shape of the core by observation of the
cross-section with a conventional optical microscope, and (d) calculation of the critical
current as a function of bending strain by using the measured parameters mentioned in
(@), (b) and (c). The present approach will be shown to be valid from the comparison of

the predicted critical current-bending strain relation with the experimental one.

2. Experimental procedure

2.1 Test sample

The multi-filamentary Bi2223/Ag/Ag alloy composite tape fabricated at Furukawa
Electric Co. Ltd, Japan, was used for tests. The thickness and width were 0.27 and 4.2
mm, respectively. The tape was composed of the outer sheath of Ag alloy and the inner
core in which the Bi2223 filaments that transport the superconducting current are
embedded in Ag, as shown in Fig.1. Fig.1(a) shows the micrograph of the as observed
cross-section. When the thickness direction of the micrograph is enlarged by 3 times as
in (b), the shape of the core is more clearly found. The boundary of the core is shown

with the solid curve, which will be formulated later in 3.3.

2.2 Residual strain measurement

The residual strain of Bi2223 filaments in the composite tape at room temperature
was measured by the X ray diffraction method. Details of the procedure have been
shown elsewhere [12]. The outline is as follows. As a reference specimen, the strain-free
bare Bi2223 filaments, which were extracted from the composite tape by etching away

the Ag and Ag alloy with a NH,OH/H,O; solution, was used. The Bragg peaks of the



strained Bi2223 filaments in the composite and strain-free Bi2223 filaments alone were
measured from the former and latter specimens, respectively. The experiment was
carried out at the beam line 46XU of a synchrotron-radiation facility, SPring 8, Japan. A
strong X-ray from an undulator was monochromatized into a beam of 22keV. The beam
size was 0.5x1.0 mm?. The charge-coupled device (CCD) monitor was used to control
the position of the specimen. The peak positions of (200), (220) and (400) planes were
used for the present analysis. From the Bragg peak angle of the Bi2223 filaments in the
composite tape with residual strain, €.omp, and that of strain free filaments extracted
from the composite tape, &, the residual strain of the filaments in the composite was

estimated by

_ 1/sin(6,,,,) —1/sin(6,)

Foir = 1/sin(8,) @)

2.3 Tensile test

Tensile test was carried out using a universal testing machine (autograph
AG-50kNG, Shimadzu, Japan) at a strain rate of 1.6x10™/s at room temperature. The
strain was measured with a very light couple type extensometer developed by Nyilas

[14].

2.4 Critical current measurement of bent samples
The measurement of critical current of bent samples was carried out with the
procedure employed in the round robin test of VAMAS (Versailles project on advanced

materials and standard)/TWA 16 (Technical working area 16, superconducting



materials) [15]. Bending strain was given at room temperature by pressing the sample
with the upper GFRP die to the lower one with the same curvature. The bending strain
& (=tensile strain of the outer surface of the composite in the tensile side) was given by
&= t/(2R) where t is the overall thickness of the sample and R is the radius of the die.
Six pairs of dies with the radius R = oo (straight dies), 61.6, 34.0, 22.3, 17.3 and 13.8
mm were used to give bending strain, corresponding to g=0, 0.2, 0.4, 0.6, 0.8 and 1.0%
for the present samples. The samples bent at room temperature were cooled down to
77K, at which the critical current I, was measured with a criterion of 1uV/cm in the self
magnetic field. The distance between the voltage taps was 30 mm. After the
measurement of the critical current at a given bending strain, the samples were warmed
up to room temperature at which the bending strain was raised to the next prescribed
one. The samples with increased bending strain were again cooled down to 77K for
measurement of critical current. Such a procedure was repeated to obtain the critical
current-bending strain relation. In this process, the bending-induced damage took place
always at room temperature. The critical current I, (1uV/cm criterion) - bending strain
eg was measured for four test specimens. The I.-value was normalized with respect to
the original critical current at g=0, I, for each test sample. The normalized critical
current, I¢/lgo, of the four test samples at each given bending strain was averaged, and

I/1.0-£g relation was obtained.

3. Results and discussion

3.1 Residual strain of Bi2223 filaments in the composite tape



Figure 2 shows the estimated residual strain (&gi,) values by the X ray diffraction
method. The estimated values from the X ray profiles of the (200), (220) and (400)
planes were minus, indicating that the Bi2223 filaments had compressive residual strain

in the sample length direction. On an average, the &si, was estimated to be -0.12%.

3.2. Estimation of residual and yield strains of Ag and Ag alloy and tensile fracture
strain of the Bi2223 filaments from the tensile load-strain curve of the composite in

combination with the estimated residual strain of the Bi2223 filaments in 3.1.

Figure 3 shows the tensile load (Lt) - strain (&r) curve of the composite tape which
had been cooled to 77K for pre-check of the critical current and then warmed up to
room temperature at Furukawa Electric Co. Ltd. Concerning the deformation and
fracture behavior of the samples with such a thermal history, the following stages of
deformation and fracture have been found in the load-strain curve in our former work
[12]. The present composite tape behaves in a same manner. The overall load-strain
curve is shown in Fig.3(a).

Stage I. As the yield strain of Ag is low (0.02% as shown later), Ag in the
composite tape, which has been cooled down to 77K and then warmed up to room
temperature, is yielded in compression at room temperature [12]. When the composite is
pulled in tension, Ag that is yielded in compression deforms elastically with increasing
applied strain and then it is yielded in tension. In this stage, Ag, Ag alloy and Bi2223
filaments deform elastically. This stage is in the applied strain range of 0<er<2epqy
where gagy (=0.02%) is the yield strain of Ag.

Stage Il. With increasing applied tensile strain beyond stage I, Ag deforms



plastically, while Ag alloy and Bi2223 filaments deform elastically. At the end of this
stage, Ag alloy yields at er=saiioy,y-&alloyr Where gaioyy and eaioy,r are the yield- and
residual strains of Ag alloy, respectively. Thus, this stage is in the applied strain range of
2Engy=ET< Enlloy,y~EAlloy,r-

Stage Ill. With further increasing applied strain beyond stage IlI, Ag and Ag alloy
deform plastically and only Bi2223 filaments deform elastically. In this stage, the
Bi2223 filaments are fractured at er=ggis&siry. In the fracture evolution process, the
filaments are fractured more with increasing &r, resulting in multiple fracture state since
the stress is transferred even to the once fractured filaments [16,17]. Due to such
continual fractures of the filaments, the load bearing capacity of the Bi2223/Ag/Ag
alloy composite tape is reduced in comparison with that without fracture of filaments.
Accordingly the slope of the load-strain curve is reduced [5, 13]. The portion of
load-strain curve in stage Ill, surrounded by the rectangle in Fig.3(a), is presented in
Fig.3(b) at high magnification. The slope reduction at the end of this stage is clearly
found in Fig.3(b).

From the analysis of stages | and Il in the load-strain curve (Fig.3(a)), the
residual(eagr)- and yield(eagy)-strains of Ag and the residual(gaioy)- and
yield(&anoyy)-strains of Ag alloy can be estimated, respectively, and also from the
analysis of stage Ill, the fracture strain &z of Bi2223 filaments can be estimated in a

following manner.

(A) Residual (eagr)- and yield(eag,y) - strains of Ag
The applied tensile at the deviation from stage | to II, corresponding to 2&ag,y, IS

read to be 0.04%. Accordingly, the yield strain gagy Of the present sample is 0.02%. As



Ag is soft, it is approximated to be an elastic-perfect plastic body. Under such an
approximation, the elastic component of the residual strain of Ag, eagr (= -€agy), IS

estimated to be -0.02%.

(B) Residual (gaiioy,r)- and yield (saioy,y)- strains of Ag alloy

The slope of the stress-strain curve in the plastic deformation region of metals is
far lower than the Young’s modulus. Approximating the Ag alloy (as well as Ag) as the
elastic-perfect plastic body and noting the cross-sectional area as A and the Young’s
modulus E, the slopes Ec Ac, Ec.nAc, Ec.inAc of the load-strain curve in stages I, 11 and 111

(Fig.3) are approximately given by [12]

Ec,l A: :EBi ABi +EAg AAg +EAIon AAIon (Stage I) (2)
Eein A =Eai Asi TE sty Aaiioy (Stage Il)  (3)

EonA=Esi Ay (Stage 1I)  (4)

where the subscripts ¢, Bi, Ag and Alloy refer to composite tape, Bi2223 filaments, Ag
and Ag alloy, respectively, and the subscripts I, 1l and 111 refer to stages I, Il and IlI,
respectively. From the slope in each stage in Fig.3, the Ec Ac, EciAc and E¢ /Ac were
read to be 78.5, 59.2 and 38.5 kN, respectively. Substituting these measured values into
Eqgs.(2) to (4), the EgiAgi, EagAag and EanoyAaioy Were estimated to be 19.6, 20.7 and
38.5 kN, respectively. As the residual stresses are balanced, the sum of the residual

stresses of the constituents is zero, which is expressed by,

gAg,r EAg AAg +£Alloy,r EAII0y AAIon +gBi,r EBi ABi = 0 (5)



Substituting the values mentioned above (gag,=-0.02%, &si;=-0.12%, EagAngl 1=19.6 kN,
[1EAnoyAaioy=20.7 KN and EgiAgi=38.5 kN) into Eq.(5), we had the residual strain of Ag
alloy, eaioy,=0.24%. As shown in Fig.3(a), Ag alloy in the composite showed yielding at
&r=0.10%. The vyield strain of Ag alloy, saiiy,y, IS given by &r(0.10%)+ saiioy,(0.24%)
=0.34%. The vyield stress is calculated to be 310 MPa for the reported Young’s modulus
value 88 GPa [18], which is similar to the reported value of 330 MPa estimated from the

stress-strain curve of the Ag alloy itself [18].

(C) Fracture strain of the Bi2223 filaments

When the Bi2223 filaments are fractured at the end of stage Ill, the load bearing
capacity of the composite tape is reduced in comparison with that of the composite
without fracture of the filaments. Accordingly, the load carrying capacity deviates from
the extrapolation of the load-strain relation of the undamaged region (broken line), as
has been shown in Fig.3(b). It is judged that the Bi2223 filaments are fractured at the
applied tensile strain (erf) around 0.20%. As the erf corresponds to &sis- &sir, the it
value is estimated to be 0.08% for &si=-0.12% obtained in 3.1. The estimated value is

similar to the reported value of around 0.1% for Bi2223 filaments [5, 10, 12].

3.3 Prediction of critical current (I¢/l¢o) - bending strain (&g) relation and comparison of

the predicted relation with the experimental one

For prediction of the 1¢/lo-&g relation, the model proposed in our former work [13]

was employed, in which the I/l has been formulated as a function of &g, &sir, &sisand
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the structural parameters (overall thickness of the sample, shape and size of the core in
which the Bi2223 filaments that transport the superconducting current). The outlines of
the procedure for analysis and the employed formulations are presented below. Details
of the derivation of formulations and the approximations used in the modeling have
been shown elsewhere [13].

The cross-section taken from Fig.1 and the relation of bending strain to damage
front are schematically presented in Fig.4. Under the applied bending strain, the tensile
strain exerted on the filaments in the sample length direction is dependent on the
location; the exerted tensile strain increases with the distance from the neutral axis [13].
Thus the filaments most apart from the neutral axis tends to be fractured first. Then, at
increased bending strain, the filaments beneath the most apart one are fractured. As the
damage of the Bi2223 filaments existing in the core causes the reduction in critical
current, it is needed to formulate the shape. Taking the width- and thickness- directions
of the composite tape as x and vy, respectively, and the center of the composite tape as
x=y=0 (Fig.4), and noting the y coordinate of the boundary abcd of the core as Ycore, We
formulated Ycore as a function of x by a 9™ order polynomial for the present sample. The

length unit is mm.

ab:y,_ . =0.0856769+0.0248085x +0.602842x° + 2.46881x° )
+5.41614x" +7.47217x° +6.52648x° + 3.47349x’

+1.02285x%° +0.127373x° for-1.95<x<0 ) (6)
bc: symmetry with ab with respct to y axis
adc: symmetry with abc with respect to x axis

When the bending strain g reaches the irreversible strain &g, the damage to
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reduce the critical current takes place first at the outermost filaments at the maximum
value of Yeore, Yeoremax(Fi9.4). The Yeore max Value was 0.099 mm. When the bending strain
(e8=>és,ir) IS raised from &g to &gi+1, the damage front y; moves from ysi tO Ygis,
resulting in reduction of the cross-sectional area of the current transporting Bi2223
filaments and therefore resulting in reduction of critical current. According to the
preceding modeling work [13], the irreversible strain &g and the normalized critical

current 1¢/l¢o as a function of bending strain gs are given by

Egiirr :('[/—2] (&t — Eair) (7)
: y , :

core,max

o 1 for e < &g, (8)
c Weore /2 t/2 En:ic — En:
II_ =1- l:ycore - {( )( = 2 )} dX/Score for Egjirr = &g |:| (9)
<0 ’Wcore/2 85

where Weore and Score are the width and cross-sectional area of the core, respectively.
Substituting ycore expressed by Eq.(6), the measured values of the geometrical
parameters (Yeoremax=0.099 mm, Wcgore=3.91 mm, t=0.270 mm and Score =0.602
mm?) and the residual- (gsi; = -0.12 %) and fracture (szi=0.08%) strains of the
filaments estimated in 3.1 and 3.2, respectively, into Eqgs.(7), (8) and (9), we calculated
the variation of I¢/l¢ as a function of .

Figure 5 shows the calculated and measured change of the normalized critical
current I¢/lo with increasing bending strain &z. The open circles show the average and

the error bars show the minimum and maximum of the measured I/l values of four
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samples. The experimentally measured I¢/lco-&s relation was described well.
The agreement of the predicted relation with the experimental one suggests that the

present approach is a useful tool for prediction of 1¢/lco-&s.

4. Conclusions

(1) The residual strain of the Bi2223 filaments at room temperature in the sample length
direction of the Bi2223/Ag/Ag alloy composite tape was estimated to be -0.12% by the
X ray diffraction method in which the filaments extracted from the composite were used
as the stress free-reference sample.

(2) From the analysis of the tensile load - strain curve in combination with the residual
strain value of the Bi2223 filaments, the residual elastic strains of Ag and Ag alloys in
the composite tape were estimated to be -0.02 and 0.24%, and the intrinsic yield strains
to be 0.02 and 0.34%, respectively. Also the tensile fracture strain of the Bi2223
filaments was estimated to be 0.08%.

(3) The change of critical current at 77K with bending strain given at room temperature
was predicted by using the measured residual strain of Bi2223, tensile fracture strain of
Bi2223 and the structural factors of the composite tape such as the overall thickness,
outermost position of the core at which the fracture of the filaments takes place first and
shape of the core. The predicted variation of the critical current with bending strain

described well the experimental result.
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Figure captions

Fig.1 Transverse cross-section of the composite tape. (a) Optical micrograph in as
observed state and the shape of the core. (b) Deformed optical micrograph, where the
thickness direction is 3 times enlarged from the as-observed one in (a). The solid curve

in (b) shows the shape of the core, which will be formulated later in 3.3.

Fig.2 The measured values of the residual strain ggi, of the Bi2223 filaments in the
composite tape from the (200), (220) and (400) planes.

Fig.3 Measured tensile load (Lt) -strain (er) curve at room temperature. The part
surrounded by the rectangle in (a) is presented in (b) at high magnification.Fig.4
Schematic representation of the geometry of the cross-section of the composite tape in
relation to the damage extension. Damage occurs first at the outermost filaments at the
maximum value of Ycore, Yeoremax When the bending strain &g reaches &sir. When the
bending strain gz is raised from &g iy t0 g and then to gz i+1, the damage front ys moves
from Yeore max t0 yri and then to yy w1

Fig.5 Comparison of the predicted relation of the normalized critical current I/l to the
bending stain gg with the measured one. The solid curve shows the predicted relation.
The open circle, upper bar and lower bar at each applied bending strain show the

average, the highest and lowest values of 4 tested samples, respectively.
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