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Abstract For the Bi2223/Ag composite tape, on the exis-
tence of thermally residual stress, the neutral axis usually
shifts away from the center of the cross section due to the
Bauschinger effect of Ag and Ag alloy under the bending
deformation. The movement of the neutral axis causes the
redistribution of the stress and strain in the tape and fur-
ther affects its critical current. In this paper, based on our
modified model with the damage stress of the Bi2223 super-
conducting filaments, the movement of the neutral axis, the
influence of the movement on the relation of the critical cur-
rent versus the bending strain, and the distribution of the
stress and strain on the cross section have been studied. The
calculated results show that, the relation of the normalized
critical current I/l versus the bending strain with taking
account of the movement of the neutral axis is closer to the
experimental data than without that, the neutral axis moves
always to the compressive side of the tape, and the move-
ment increases with the bending radius R decreasing (i.e.,
the bending deformation increasing). Furthermore, in the
different cases of the Bauschinger effect factor (BEF), the
elastic modulus and volume fraction of the superconducting
filaments, the movement of the neutral axis, the normal-
ized critical current I./Io with the bending radius R, and

b4 Xiao-Fan Gou
xfgou@hhu.edu.cn

Faculty of Civil Engineering and Mechanics, Jiangsu
University, Zhenjiang, 212013, People’s Republic of China

College of Mechanics and Materials, Hohai University,
Nanjing, 211000, People’s Republic of China

Present address: Yangxian High School, Yixing,
Jiangsu Province, 214200, People’s Republic of China

the distributions of the stress on the cross section have been
comprehensively investigated.
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1 Introduction

Bi2223/Ag superconducting multifilamentary composite
tapes, as one of important practical high-temperature super-
conducting structures, have many large-scale potential
applications such as electric devices for power industry
[1], high-field magnets [2], and superconducting magnetic
energy storages (SMES) [3]. During the fabrication/winding
process and current-carrying operation, they are unavoid-
ably subjected to mechanical loads and electromagnetic
forces. On these loads, for thin film-like composite tapes
(the cross section is shown in Fig. 1) which are usually
made to be winding coils or magnets, the bending defor-
mation is principal. Such bending for Bi2223/Ag composite
tapes not only results in some serious mechanical problems
but also affects the current-carrying capacity, in most cases
degrades the critical current [4]. Therefore, it is very signifi-
cant to deeply understand the effect of bending deformation
on the critical current for the design and safety operation of
superconducting magnets related to Bi2223/Ag composite
tapes.

For decades, many researches made the efforts on the
bending [4-8] or uniaxial [8, 9] strain dependence of the
critical current of Bi2223/Ag composite tapes, but few of
them [9-13] tried to explore the mechanism of how the
deformation is affecting the critical current, particularly
from the theoretical aspect. For this point, Ochiai et al. [11,
12, 14] made some studies focusing on the effect of the
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Fig. 1 The typical optical micrograph of the cross section of a
Bi2223/Ag superconducting multifilamentary composite tape. This
picture cited from ref. [22], in which the sample’s width is 3.7 mm,
thickness 0.27 mm, the number of the filament (black spots in central
area) 55, the matrix material (gray part in central area) is silver, and
its filling factor is about 26 %

bending strain on the critical current, in which the modeling
of the relation of the critical current versus the bending
strain was the most significant one [14]. On these bases,
Gou et al. [13] developed the modified model, in which
the damage stress of Bi2223 superconducting filaments was
introduced as the failure criterion, and the influence of
the elastic modulus of each component (Bi2223 supercon-
ducting filaments, Ag matrix, and Ag alloy sheath) in the
Bi2223/Ag composite tape was taken into account. How-
ever, for this type of superconducting composite structures
including metal and metal alloy components, due to the
significant difference in the coefficients of thermal expan-
sion among the different components in the process of
cooling down during the heat treatment, the residual stress
can be accumulated even up to the relatively high stress
level [15]. For example, the Ag matrix with lower yield
stress ("12.2 MPa [10]) usually has been partly or com-
pletely yielded when the temperature decreases to room
temperature [11]. Under the initial residual stress, once the
superconducting composite structure is bent, the neutral
axis can shift off the center of the cross section due to the
Bauschinger effect of metal components (Ag matrix and/or
Ag alloy sheath). Indeed, previous investigations found that
not only for Bi2223/Ag composite tapes [4, 10] but also for
YBCO-coated conductors [16] and Nb3Sn wires [17] (their
common feature is that the composite structure includes
metal or metal alloy components), when they are under the
bending deformation, the neutral axis moves away from the
center of the cross section. Thus, a significant problem natu-
rally arising is how the movement of the neutral axis makes

Fig. 2 The cross section of
Bi2223/Ag composite tapes with
an elliptical configuration of the
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the stress-strain in these superconducting composite struc-
tures redistribute, and further affects the current-carrying
capacity - the critical current.

In this article, for the bending of Bi2223/Ag composite
tape, the aim is to investigate the movement of the neutral
axis and further the influence of the movement on the rela-
tion of the critical current versus the bending strain. For this
point, based on our previous model [13], firstly, the move-
ment of the neutral axis of the Bi2223/Ag composite tape
was studied, and its moved position on the cross section was
further determined. Then, the relation of the critical cur-
rent versus the bending strain (described by the curvature
1/R) and the distributions of the stress and strain on the
cross section along the thickness direction were obtained.
Furthermore, in the different cases of the Bauschinger effect
factor (BEF) of metal components (Ag matrix and Ag
alloy sheath), the elastic modulus and volume fraction of
the superconducting filaments in the Bi2223/Ag composite
tape, the movement of the neutral axis, and correspondingly
the relation of the critical current versus the bending strain
were comprehensively investigated.

2 The Damage Stress-Based Model on Taking
Account of the Bauschinger Effect of Ag and Ag
Alloy in the Bending of Bi2223/Ag Composite Tape

2.1 The Planar Outline of the Superconducting Core

A typical optical micrograph of the cross section of a
Bi2223/Ag superconducting composite tape is shown in
Fig. 1. Apparently, the Bi2223 composite tape consists of
two components: the superconducting core and Ag alloy
sheath, and the superconducting core is composed of the
superconducting filaments and Ag matrix. According to this
micrograph, the schematic diagram of the cross section of
Bi2223 composite tapes is presented as shown in Fig. 2,
in which the outline of the superconducting core is sim-
plified as an ellipse. For the consideration of the Bi2223
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composite tape, the volume fraction and elastic modulus of
these components are listed in Table 1. According to the
fraction volume of each component, and the sizes of the
sample (width 3.7 mm, thickness 0.27 mm), the shape of the
ellipse can be uniquely determined. As a result, based on
the above data, in the coordinate system shown in Fig. 2, the
shape of the superconducting core on the cross section can
be described by

x2 y2

176 T o2 =1

It is noted that, even the more complex functional form
[12] can be used to describe the outline of the core; ellipse,
mathematically as a convex function, is easy to be used to
characterize the relation of the critical current with strain.
Besides, the minor semiaxis of the ellipse is accurately cal-
culated as 0.1168 mm. For unified description of decimals,
the parameters a and b (corresponding to the elliptic (1)) are
here written as 1.76 and 0.12 mm, respectively.

Discussed in ref. [13] is a relatively rational description
of the ellipse approximation to the shape of the super-
conducting core. Besides, other two assumptions on the
geometric model are here presented as,

ey

1. Complete contact at the interface between supercon-
ducting filaments and Ag matrix and the superconduct-
ing core and Ag alloy sheath

2. No initial microstructure defects and therefore whole
continuity for all the materials in the Bi2223 composite
tape

2.2 The Position Determination of the Neutral Axis
on the Cross Section

As discussed in ref. [13], in this article, we also consider the
elastic modulus of each component (Bi2223 superconduct-
ing filaments, Ag matrix, and Ag alloy sheath) in the Bi2223
composite tape and then obtain the variation of the elastic
modulus of the Bi2223 tape with y coordinates.

To investigate the influence of the movement of the neu-
tral axis on the macro electromechanical behaviors of the
Bi2223/Ag composite tape, the position determination of
the neutral axis in different bending deformations should
be the first key step. According to mechanics of materials

Table 1 The volume fraction and elastic modulus of each component
in the Bi2223 composite tape

Bi2223 Ag Ag alloy
(superconducting  (matrix in the (sheath of
filaments) superconducting core) Bi2223 tapes)
1% 0.27 0.40 0.33
E (GPa) 100 712 87.9
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[18], for the thin film-like composite tape (usually called as
beam) with bending deformation, because there is no resul-
tant force acting on the cross section, thus, the position of
the neutral axis can be determined by the equation of static
equilibrium as

/odA:O, @
A

in which o is the normal stress on the cross section and A
denotes its area. Generally, for the structure with homoge-
neous materials, when it is bent, the position of the neutral
axis keeps still at the center of the cross section. But, for
a composite structure with different materials, particularly
including metal or metal alloy, as discussed in Section 1,
because of the existence of thermally residual stress, the
compressive yield stress is different from the tensile one due
to the Bauschinger effect. Therefore, the distribution of the
normal stress on the cross section is not symmetric with the
neutral axis any more. Thus, according to (2), it results in
shifting of the neutral axis away from the center of the cross
section.

As the longitudinal section of bending Bi2223 compos-
ite tape shown in Fig. 3, the position of the neutral axis can
be described by the coordinate y, (the intersection point of
the moved neutral axis and the z-axis). In this case, set-
ting the neutral axis as a dividing line, the upper part (y
>yp) is in tension and the lower one (y <yp) is in compres-
sion. The neutral axis moves to the tensile side if y, >0 and
to the compressive side if y, <0. For the bending Bi2223
composite tape, on the assumption of small deformation (In
other words, in this case, the relation of stress with strain

4 YV (Thickness direction)

n

4
(Tape axis
direction)

The Original neutral aXiSEThe moved neutral axis

Fig. 3 The longitudinal section of a bending Bi2223 composite tape
with the bending radius R and the moved neutral axis. The dash curve
indicates the moved neutral axis, and its movement can be described
by the coordinate y, (i.e., the intersection point of the moved neutral
axis and the z-axis)
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keeps still linear.), the strain (y) of the arbitrary point y (its
coordinate y) of the tape can be given by

ey)=2 "
R+

According to (2), given that the distribution of the normal
stress on the cross section has been known, the position of
the neutral axis can be determined. As shown in Fig. 2, the
cross section is divided into three parts along the thickness
direction, i.e., Ag alloy sheath, core 2, and Ag alloy sheath.
So, (2) can be further written as

—Ycorel,max Ycorel,max
/ OAg alloydy +f Ocore2dy

—t/2 —Ycorel,max

t/2
+ f OAg alloydy =0, 4

Ycorel,max

3)

in which, oagalloy and ocoren are the normal stresses in the
Ag alloy sheath and core 2, respectively. The core 2 consists
of Bi2223 superconducting filaments, Ag matrix, and Ag
alloy, in which the stress can be obtained through the sim-
ple superposition principle, described by (5), (7), and (8) in
ref. [13].

For Ag and Ag alloy, the Bauschinger effect will be par-
ticularly considered here. The BEF is defined as the ratio of
the reverse yield stress to the tensile one. For simplicity, the
BEFs of the Ag and Ag alloy are selected as same. In this
condition, the stress-strain relation of Ag and Ag alloy can
be approximately described by the following [10]:
for Ag,

OAg = Oy Ag =+ KAg (SAg — 8y,Ag) s (Sa)

and for Ag alloy,

OAg alloy =0y, Ag alloy T K1, Ag alloy (SAg alloy —€yl,Ag alloy)
if (£y1,Ag alloy <€Ag alloy < £y2,Ag alloy ) »
OAg alloy =0y2,Ag alloy + KZ,Ag alloy (8Ag alloy —€y2,Ag alloy)

if (SAg alloy =~ €y2,Ag alloy) (5b)

in which oag and eag and oagalloy and eagalloy are the stress
and strain of Ag and Ag alloy, respectively, oy ; and &y ; (i
denotes Ag or Ag alloy) are the yield stress and strain of Ag
and Ag alloy, respectively, and K; o; and K; agaioy (here
i =1, 2) are the coefficients of hardening of Ag and Ag
alloy, respectively. These parameters are listed in Table 2.
The stress-strain relation of Bi2223 is estimated to be linear
until final fracture.

Besides, in the calculation of the stress through (5a) and
(5b), the residual strain eg ; (i = Bi2223 filaments, Ag, and
Ag alloy) accumulated in the process of the temperature
cooling down should be included. It can be calculated by

eri = (af — o) AT, (6)
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Table 2 Work hardening parameters of the Ag matrix and Ag alloy
sheath

K (GPa) oy (MPa) &y (%)
Ag 0.9 12.2 0.016
Ag alloy Step 1 15.0 305 0.35
Step 2 0.8 353 0.66

in which «; and « represent the coefficient of thermal
expansion of each component and the composite tape,
respectively; AT is the change of the kelvin temperature.
In the calculation, apj23 = 15 X 107°K~! and apag =
aAgalloy = 20 X 107°K~!. Then, a can be obtained by

Y Viori =0, (7)
i

in which V; and ogr,; are the volume fraction (it is given
in Table 1) and the thermally residual stress of each com-
ponent, respectively. Then, after the eg; is obtained by
(6), finally, the stress of each component is written by the
following:

in elastic period,

oi = Ei (¢ +¢r.i), (8a)
and in plastic period,
0; = oyk,i + Kg,i (8 +eri — syk,,‘) , (K = 1land2) (8b)

in which ¢ is the strain of the whole tape which can be
calculated by (3).

Finally, the position of the neutral axis (the coordinate
yn) can be determined by (4), in which, the stress in the core
2 can be given by

Ocore2 = Z Vi /Ois 9
i

in which o; and V/ are the stress and the volume fraction
of each component in the core 2, respectively. o; can be
calculated by (8a) and (8b), and V/ can be estimated by
the area of each component in the core 2. In this paper,
VBinoos - VAg : V//\galloy =0.30:0.45:0.25.

After substituting (9) with the stress-strain relation
described by (8a) and (8b) into (4), we can obtain the coor-
dinate yj, i.e., the position of the moved the neutral axis. It
is noted that the determination of the coordinate yy, is actu-
ally coupled with the bending deformation of the tape. As
the discussion above, the determination of the coordinate yy
needs to solve (4), and according to the stress-strain relation
described by (8a) and (8b), the precondition of solving (4)
is that the strain & must be known. However, as shown in
(3), the strain ¢ is related with the coordinate y,, which is
obviously related to the bending radius R. Thus, the deter-
mination of the coordinate y, is coupled with the bending
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strain ¢. Accordingly, the iterative method is used in the
calculation for the determination of the coordinate yy,.

According to above the approach, the coordinate yy, i.e.,
the position of the moved neutral axis with the bending
radius R is calculated as shown in Fig. 4. Firstly, the neg-
ative value of the coordinate y, means that the movement
of the neutral axis is always to the compressive side of the
bending Bi2223 composite tape. Furthermore, the monoton-
ically increasing of the curve indicates that, the less bending
radius R is, which means the larger the bending deformation
is, the bigger the movement of the neutral axis is (actually
the less the coordinate yy is).

2.3 The Variation of the Critical Current
with the Curvature 1/R

In this section, we still use the modified model of describ-
ing the bending strain dependence of the critical current
developed in our previous paper [13]. The main feature of
the model lies in establishing the correlation between the
critical current and the damage strength of the supercon-
ducting filaments in the Bi2223 composite tape. It is noted
that we just focus the influence of tension damage of super-
conducting filaments on the critical current in this article,
even though the compression one also has the influence on
the capacity of current-carrying of the Bi2223 composite
tape [8]. Based on the assumptions and the main equations,
which are the same as those in ref. [13], except the replace-
ment of (6) in ref. [13] with (3), particularly, according to
the key formula, the criterion of having the current-carrying
capacity as follows

s

Ie/1 1 ) 0 (Yeorel,max) < OD
= WCOTS
e/ I— ‘/‘_Wcor]e{/z (y = ¥)dx/Score1 0 (Yeorel.max) = 0D

(10)
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Fig. 4 The movement of the neutral axis versus the bending radius R
of the bending Bi2223 composite tape. The parameters used here are
listed in Tables 1 and 2, and the Bauschinger effect factor (BEF) is
adopted as 0.4
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the normalized critical current I./I.y can be calculated. In
(10), the I./I.o is defined as the ratio of the critical cur-
rent (I) on some bending strain to the one (/,9) on the
zero bending strain. With the coordinate y” as the bound-
ary between damaged and undamaged parts in the core 1
(see Fig. 2; it consists of the superconducting filaments
and Ag matrix), the core 1 can be divided into two parts:
y <y < Yeorel,max(damaged) and —Ycorelmax < y <
y' (undamaged). And in (10), op is the damage stress of
the superconducting filaments, which can be experimen-
tally obtained. Thus, on the base of the modified model,
given that the damage stress op of the superconducting fil-
aments is known, the relation of the critical current versus
the bending strain ¢ (specified by the curvature 1/R) can be
obtained.

3 Results and Discussion

The main purpose of the paper is to investigate the influ-
ence of the movement of the neutral axis on the relation of
the critical current versus the strain in bending Bi2223/Ag
composite tapes. For this point, on the parameters listed in
Tables 1 and 2, and the Bauschinger effect factor (BEF)
adopted as 0.4 [10], in two cases of with/without taking
account of the movement of the neutral axis, the normal-
ized critical current I/l versus the curvature 1/R of the
bending Bi2223 composite tape has been calculated and
compared with the experimental data [12]. As shown in
Fig. 5, apparently, the normalized critical current I./1.o with
the movement of the neutral axis is smaller than that without

3
=
= 1.0 \
&) \
= \
S
O oot \ \
@©
O \
= \
p -
© o8l S
D Moving S
N b - - -Fixed ~ .
@© o Experimental data ~
£ o7} P
| =
o
Z 1 1 1

0.00 0.02 0.04 0.06 0.08

Curvature 1/R (mm™)

Fig. 5 Comparison of the calculated results of the normalized critical
current I./I.y versus the curvature 1/R of the bending Bi2223 compos-
ite tape in two cases of with/without the movement of the neutral axis
with the experimental data [12]. The parameters used here are listed
in Tables 1, and 2, and the Bauschinger effect factor (BEF) is here
adopted as 0.4

@ Springer



3540

the movement of the neutral axis, and most importantly, the
former is closer to the experimental data than the latter in the
region of the I, sharply decreasing with the curvature 1/R.
Further, with the curvature 1/R increasing, the difference
between the two cases of with/without the movement of
the neutral axis gradually increases. This comparison indi-
cates that, (i) the modeling on the approach in this paper is
enough to be accurate and (ii) the influence of the move-
ment of the neutral axis on the relation of the critical current
versus the bending strain has not to be neglected, and with
the curvature 1/R increasing, the influence gets more and
more significant. When the Bi2223 composite tape is bent,
according to the calculated result shown in Fig. 4, the neu-
tral axis moves always to the compressive side of the tape.
It means that the distance of the edge of the core 2 at the
tensile side (i.e., Ycorel,max) from the neutral axis increases,
which results in the maximum tensile stress at the edge of
the core 2 getting bigger than that in the situation in which
the neutral axis keeps at the center of the cross section
of the Bi2223 composite tape. Accordingly, from (10), the
critical current with the movement of the neutral axis is
smaller.

Fig. 6 The distributions of the
stress and strain on the cross

J Supercond Nov Magn (2015) 28:3535-3543

The current-carrying capacity of the Bi2223 composite
tape is closely related to the tensile strength of the super-
conducting filaments [19]. To explore the mechanism of
the dependence of the critical current on the bending defor-
mation, and further accurately assess the current-carrying
capacity through the dependence, the first important thing
is to be aware of the distributions of the stress and strain
on the cross section of the bending Bi2223 composite tape.
As shown in Fig. 6, the distributions of the stress and strain
on the cross section of the Bi2223 composite tape along the
thickness direction (i.e., y direction) in the two cases of the
bending radius R have been obtained. It is found that, (i) the
strain varies monotonically and continuously, but the stress
changes as a broken line; (ii) the position that the stress
equals to zero is not at the position y = 0, but at the position
y <0, which clearly means the neutral axis is at the compres-
sive side; (iii) the smaller the bending radius R is, the bigger
the distance of the position of the zero stress away from the
position y = 0 is; (iv) the vertical line of the variation of
the stress with the coordinate y, particularly for the core 2,
means stress reaches the strength of the superconducting fil-
aments due to its limited tensile strength (i.e., the damage

Strain (%)
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tensile stress op, for the Bi2223 superconductor—a typical
brittle material, generally less than compressive one); and
(v) according to the bending deformation and corresponding
stress state (shown in the left of Fig. 6), the superconducting
filament (colored thick lines) with a black spot (schemati-
cally shown in the right of Fig. 6) indicates that it has been
broken due to its stresses reach to the tensile strength of
Bi2223 superconducting filaments. The similar results have
been obtained by Hojo et al. [10], but the results in this
paper are still significant. Because our results are based on
different geometric model (shown in Fig. 2) and modeling
approach, thus, we think that the mechanical failure of the
superconducting filaments always occurs from the edge of
the core 2 at the tensile side of the composite tape, and con-
sequently, they lose the current-carrying capacity. It is noted
that, the analysis of mechanical failure is here based on
the macro homogenization theory for heterogeneous mate-
rials and the assumption that the mechanical failure related
to the current-carrying is mainly controlled by the tensile
strength of the superconducting filaments, i.e., the damage
tensile stress op. Further, more accurate and in-depth study
needs to consider the local deformation of the superconduct-
ing filaments [9] or even of the polycrystalline structure of
BSCCO [20].

As in the above discussion, for the bending of Bi2223/Ag
composite tape, on the existence of the thermally residual
stress (in most cases, Ag matrix has already been partly or
completely yielded), the Bauschinger effect of metal com-
ponents causes the movement of the neutral axis. Generally,
for the different samples of Bi2223/Ag composite tapes, the
components of metal and/or metal alloy are different, and
correspondingly, the BEF should be different. For this point,
in the two cases of the BEF, we obtained the movement of
the neutral axis, the normalized critical current I./Iy versus
the curvature 1/R, and the distributions of the stress on the
cross section as shown in Fig. 7a—c, respectively. Even the
difference of the BEFs are relatively small; a notable differ-
ence of the movement of the neutral axis is displayed, while
no very clear differences of the normalized critical current
1./1.o versus the curvature 1/R and of the distribution of the
stress on the cross section along the thickness direction (just
in the core 2) are found. Obviously, from Fig. 7a, the larger
the BEF is, the bigger the movement of the neutral axis is.
The main reason is that, the larger the BEF is, the bigger the
compressive stress limit of Ag and Ag alloy is (according to
the definition of the BEF, in Sect. 2.2) and correspondingly
the bigger the movement of the neutral axis is. The result in
Fig. 7b is consistent with that in Fig. 5. From Fig. 7c, just the
clear difference in the Ag alloy sheath at the compressive
side is found. The larger the BEF is, the smaller the stress is.

Besides the BEF, the elastic modulus of superconduct-
ing filaments also has a strong influence on the movement
of the neutral axis. As previously reported in ref. [21], the
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Fig. 7 The two cases of the Bauschinger effect factors (BEFs) of Ag
and Ag alloy in the Bi2223 composite tape: a the movement of the neu-
tral axis versus the bending radius R, b the normalized critical current
I./1.o versus the curvature 1/R, and ¢ the distributions of the stress on
the cross section along the thickness direction (i.e., y direction) under
the bending deformation

Bi2223 superconducting filaments from different fabrica-
tion have elastic moduli that are quite different. If the BEF is
fixed as 0.4, in two cases of the elastic modulus of supercon-
ducting filaments, we modeled the movement of the neutral
axis, the normalized critical current I./I.y versus the cur-
vature 1/R, and the distributions of the stress on the cross
section as shown in Fig. 8a—c, respectively. Apparently, sim-
ilar results with those in Fig. 7 are found. However, a notable
difference lies in the results of the distributions of the stress
on the cross section (see Figs. 7c and 8c). That is, for the
different BEFs, the notable difference lies in the Ag alloy
sheath at the compressive side (see Fig. 7c), but for the dif-
ferent elastic moduli, the notable one lies in the core 2 (see
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Fig. 8 The influences of the elastic modulus of superconducting fila-
ments in the Bi2223 composite tape on a the movement of the neutral
axis versus the bending radius R, b the normalized critical current
I./1.o versus the curvature 1/R, and ¢ the distributions of the stress on
the cross section along the thickness direction (i.e., y direction) under
the bending deformation. In calculation, the BEF is fixed as 0.4

Fig. 8c). The larger elastic modulus of superconducting fil-
aments leads to the bigger stress in the core 2. Besides, the
result of the normalized critical current I./I.y versus the
curvature 1/R is consistent with that in ref. [13].

In addition, we further studied the influences of the vol-
ume fraction of superconducting filaments in the Bi2223
composite tape on the movement of the neutral axis, the
normalized critical current I./I.y versus the curvature 1/R,
and the distributions of the stress in the cross section. As
shown in Fig. 9, the results are similar with those in Figs. 7
and 8. The larger the volume fraction of superconducting
filaments is, the bigger the movement of the neutral axis
is (see Fig. 9a), the smaller the normalized critical current
I./1 is (see Fig. 9b), and the slightly bigger the stress in the
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Fig. 9 The influences of the volume fraction of superconducting fila-
ments in the Bi2223 composite tape on a the movement of the neutral
axis versus the bending radius R, b the normalized critical current
1./1y versus the curvature 1/R, and c¢ the distributions of the stress on
the cross section along the thickness direction (i.e., y direction) under
the bending deformation. In calculation, the BEF is fixed as 0.4

core 2 is (see Fig. 9c). Since the elastic modulus of super-
conducting filaments is normally larger than that of the Ag,
the results of the movement of the neutral axis and the dis-
tributions of the stress on the cross section are similar with
those in Fig. 8. And, the larger the volume fraction is, on
the damage stress-based model in this paper, the smaller the
normalized critical current I./1.

In addition, from Figs. 7a, 8a, and 9a, we can also find
that, with the bending radius R increasing, the movement of
the neutral axis approaches to zero, and when it increases
beyond about 45 mm, in the different cases (i.e., the differ-
ent BEFs in Fig. 7a, the elastic moduli in Fig. 8a, and the
volume fractions in Fig. 9a), the movements of the neutral
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axis reach to a convergence. In other words, for the Bi2223
composite tape, the movement of the neutral axis with the
bending radius R has a critical value. When the bending
radius R increases to be larger than the critical one, for the
different BEFs, the elastic moduli, and the volume fractions
of the superconducting filaments, no notable difference of
the movement of the neutral axis has been found. In fact,
when the bending radius R increases, i.e., the bending defor-
mation of the tape decreases, accordingly the movement
of the neutral axis diminishes. When the bending radius R
increases beyond a certain value, the influences of the BEF,
the elastic modulus, and the volume fraction of the super-
conducting filaments on the movement of the neutral axis
are gradually weak, and the results in different cases are
hard to be identified.

4 Conclusions

For the bending of Bi2223/Ag composite tape, on our mod-
ified model with the damage stress of the superconducting
filaments, we studied the influence of the movement of
the neutral axis on the relation of the critical current ver-
sus the bending strain. Specifically, on taking account of
the BEF of Ag and Ag alloy, we comprehensively investi-
gated the movement of the neutral axis of the Bi2223/Ag
composite tape, the relation of the normalized critical cur-
rent 1./l versus the bending strain, and the distributions
of the stress (or strain) on the cross section in different
cases of the BEF, the elastic modulus, and volume frac-
tion of the superconducting filaments. The results clearly
show that, the movement of the neutral axis cannot to be
neglected and it indeed has a strong effect on the relation of
the critical current versus bending strain, especially for the
Bi2223/Ag composite tape with larger bending deformation
(correspondingly smaller bending radius).
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