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Abstract

Hysteresis losses in perpendicular AC magnetic field were investigated experimentally on a set of six Bi-2223/Ag tapes
with different filament architecture. Along with a monocore tape and a tape with overlapping filaments, tapes with
filament arranged in less or more regular stacks, as well as a tape with filaments perpendicular to the tape wide face were
tested. AC susceptibility technique was used, allowing to present the loss behavior in terms of two multiplicative pa-
rameters: the external susceptibility at low amplitudes, y,, and the imaginary part of internal susceptibility, y”. We show
that both the filament stacking and its parallel orientation with respect to the applied field suppress y,, leading to
hysteresis loss reduction. However, the unconventional filament architecture was accompanied by imperfections of
filament microstructure that broadened the susceptibility peak. Then, the loss reduction in these tapes was less than
expected. In the temperature interval 77-95 K, excellent scaling of the susceptibility data was found, indicating the
validity of the critical state model for these systems. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 74.60.Jg; 74.80.—g; 85.25.Kx
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1. Introduction

Tapes from high-7; superconductor Bi,Sr,Ca,-
Cu30,o in the form of filaments embedded in a
silver matrix are now considered in range of power
engineering applications. When these so-called Bi-
2223/Ag tapes are exposed to an alternating mag-
netic field, a part of the magnetic energy converts
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into heat during every cycle. This “AC loss” has
origin in various mechanisms. The most important
are the magnetic hysteresis of type Il supercon-
ductor with flux pinning, and the inter-filament
currents that flow across the resistive matrix. The
first give rise to the hysteresis loss, and its value per
cycle does not depend on the AC field frequency.
The inter-filament currents generate the so-called
coupling loss. The hysteresis loss, that will also
remain when the inter-filament currents would be
suppressed e.g. by increasing enough the matrix
resistivity, is the object of the present work. Its
calculation is based on the critical state model [1]
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for magnetic hysteresis of superconductors. Ana-
lytical expressions were derived for superconduc-
tors of simple shapes like slab in parallel field, and
disk [2] or strip [3] in perpendicular field.

However, Bi-2223/Ag tapes contain the super-
conductor in the form of filaments. The cross-
section of these filaments is roughly rectangular,
with aspect ratios typically exceeding 10. The
models derived for simple shapes are then not
immediately applicable. Exception is the case of
field parallel to the wide face of filaments, when
the approximation by a single slab with the thick-
ness equal to that of the single filament is com-
monly used. However, the case of magnetic field
perpendicular to the filaments is of key importance
in practical applications. In tapes of common fila-
ment architecture this orientation means also that
the magnetic field is perpendicular to the tape wide
face. In this “perpendicular geometry” the distor-
tions of the applied field caused by the electrical
currents flowing in individual filaments modify the
distribution of the magnetic field in a manner that
depends on filament architecture. Generally, this
effect is interpreted in terms of a magnetic coup-
ling between filaments. Analytical expressions
have been derived for the case of an infinite stack
of thin filaments [4]. The enhancement of magnetic
coupling by decreasing the distance between fila-
ments was found to cause the transition from strip-
like to slab-like behavior.

For the filament architectures met in practice,
the problem was studied in the limiting case when
filaments are entirely diamagnetic [5]. It was found
that the effect of applied field distortion due to
filament architecture is nicely seen in conditions of
perfect diamagnetism. The complex AC suscepti-
bility calculated with respect to the applied field,
the so-called “‘external” AC susceptibility [6], has
only the real part in these conditions. Its absolute
value, y,, is a good measure of the field enhance-
ment due to the diamagnetic shielding. This
quantity has a direct connection to the demagne-
tizing factor, D, in the case of shapes with elliptic
symmetry. It is well known, that in the perfectly
diamagnetic state the magnetization of such a
body (e.g. cylinder in perpendicular field), when
exposed to the applied field By, will be Mgy, =
—Bex/(1 — D). From the definition of external

susceptibility y., = M/Be then follows that
70 = 1/(1 — D). For tapes with different filament
architecture we have found y, values varying in
one order of magnitude [7].

Here we investigate the behavior of tapes in an
alternating field B,. = B, cos wt, with amplitude B,
and frequency f = w/2n. The fields are ranging
from those completely shielded by the supercon-
ductor up to the large ones that drive the tape
completely into the critical state. The technique of
complex AC susceptibility is used to establish the
AC loss. The imaginary part of the internal AC
susceptibility, y”, is determined with the help of a
lock-in amplifier. Then, the volume density of AC
loss per cycle, ¢, is found as [2]

2
nB;
b

q= 1" 1
o, (1)

0

where p, = 4n x 1077 H/m. The importance of y,
is obvious—it enters the loss formula as a pro-
portionality constant. However, when one has in
mind the link between y, and the demagnetization
factor D, the use of y, at applied fields high enough
to induce the critical state could be doubted. It
is natural to consider that the magnetic coupling
between filaments changes when the currents flow
in the whole section of filaments. In our previous
paper [8] we brought strong argument in favor of
%o as a constant characterizing the filament archi-
tecture also in the critical state: the height of y”
maximum, obtained from measured external sus-
ceptibility by division with the y, found in per-
fectly diamagnetic state, was similar for different
tapes and also in agreement with theoretical
models. Here we extend this type of analysis to
tapes with filaments put in regular stacks and one
tape with filaments perpendicular to the tape wide
face.

2. Samples

Experimental results are presented for six tapes
with quite different filament architectures, as can
be seen from the cross-sections presented in Fig. 1.
The simplest object is the monocore tape A. All
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Fig. 1. Optical micrographs of the tape cross-sections. Please
take into consideration that the scale can vary from tape to tape
and is not necessarily the same for both directions.

the rest are multifilamentary tapes. Of common
type is the tape B with overlapping filaments that
was prepared by flat rolling technique [9]. In the
tapes C-E, the filaments are arranged in stacks
that represent an intermediate structure. Among
themselves, these tapes differ in the regularity
of stacking and the frequency of inter-filament
bridging by superconducting paths. During man-
ufacturing of tape C, the significant step was the
two axial rolling [10], while the tapes D and E were
prepared by the tape-in rectangular-tube process
[11]. This technique allowed to prepare also the
tape F, with the filament orientation perpendicular
to that one commonly used.

As we will demonstrate further, both the col-
umnar structure (samples C-E) and the perpen-
dicular filament orientation (sample F) could lead
to the hysteresis loss reduction. We do not address
in this work the problem of the coupling loss, that
would require to twist the filaments. Clearly, for
the tapes with unconventional filament architec-
ture, twisting could not be accomplished by a

Table 1
Geometric characteristics of the tapes
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simple screw-like deformation used for conven-
tional tapes, and remains an issue that should be
solved separately.

Evaluation of the filament dimensions is charged
by serious errors in the case of tapes where these
vary significantly (tape B, in part also C), or for
the tapes with heavy inter-growth frequency (tapes
D and E). Therefore the average filament dimen-
sions presented in Table 1 are only indicative.

3. AC susceptibility

In order to perform AC susceptibility measure-
ments, for each tape a sample of 6-7 mm length
has been cut, and placed in an AC magnetic field
perpendicular to its wide face. The voltage from a
pair of identical pick-up coils (one containing the
sample and other empty) was processed by a two
channel lock-in amplifier. To obtain the values of
the external AC susceptibility, the calibration at
low AC field amplitudes was performed for each
sample. The procedure is described in detail in our
previous paper [8]. It results in the establishing of
70> the absolute value of the external susceptibility
in perfectly diamagnetic state, as

AUsgia  Veoil

Uempty I/;ample

%o = Ge (2)

Here, Uempty is the voltage induced in the empty
pick-up coil and AUy, is the difference between
voltages from the empty pick-up coil and that one
containing the sample, in conditions of a perfectly
diamagnetic superconducting portion, AUy, =
Uempty — Usampdia- For a cylindrical pick-up coil
with the height /. and the mean winding radius R.,

Tape Number of Tape overall Fill factor (%) Average filament %o
filaments cross-section (mm?) cross-section (um?)

A 1 1.8 x 0.31 36 1470 x 145 3.20
B 19 2.5x0.14 18 320 x 10 12.4
C 6x6 2.5%0.20 16 171 x 10 2.19
D 3x20 3.9x0.27 33 909 x 7 422
E 4x15 3.8 x0.28 26 533 x 8 3.93
F 21 2.2 % 0.55 39 60 x 342 1.37
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its volume is Vi = h.nR? and the constant char-
acterizing the coil geometry is G, = (1 — (2R./
he)?)'?. The volume to which the loss is to be at-
tributed, is Fimple- In our previous works, we used
to find it as the sum of volumes of all the super-
conducting filaments. However, now we are in-
terested in the AC loss as a characteristic of the
tape. Then, it is reasonable to use the volume de-
fined by the tape’s overall dimensions for this
purpose. This is why the values of y,, reported
here, differ from those published previously [8].
They are simply recalculable to y, values attri-
buted to the superconducting fraction only, with
the help of the fill factors given in Table 1.

We used to determine y, at 77 K. Low fields
—B, < 0.01 mT—allowed perfect screening of fil-
aments. Then y, does not involve the quality of
superconducting material and is given entirely by
the filament architecture. Therefore it is given in
Table 1 together with other geometrical charac-
teristics. A simple test of reaching the perfect
diamagnetic state of superconducting filaments is
the independence of j,, derived according to Eq.
(1), on AC field. Because the empty coil signal is
proportional to both f and B,, invariance of y, is
accomplished only if

AUdia = AsBawa (3)

where A4, is a constant with dimensions of an area.
It does not contain any new information compared
to y,, when the state of perfect diamagnetism is
treated. It was introduced to allow the extrapola-
tion of diamagnetic signal values even for larger
amplitudes when the sample is in part penetrated
by the magnetic flux. In this way, the parts of in-
ternal AC susceptibility are determined from the
lock-in amplifier read-outs as

., Re{AU}

1= ma (4a)
Im{AU}

A p———— 4b

X 4B (4b)

The index for diamagnetic state was dropped
out from the symbol for the differential pick-up
coil signal AU = Uit — Ugump because now we
treat a sample that is in the critical state.

Evaluation of ' has no relevance for the AC
losses. It served to test the correctness of y, de-
termination by checking that its value approaches
—1 at low fields and rises to 0 at larger ones.
Therefore in the following we concentrate on the
data of x”, the imaginary part of internal AC
susceptibility.

Our AC loss experiments were performed at
frequencies ranging from 8 to 140 Hz. At low
frequencies, the y”(B,) curves are frequency inde-
pendent, because of negligible coupling currents
and eddy currents in the silver matrix. We are
convinced that such data represent the magnetic
hysteresis in superconductor. Those taken at 80 K
are plotted in Fig. 2. Common feature of all the
curves is a bell-like shape: y” first increases with B,,
reaching the maximum at the amplitude that can
be denoted as Bp.x, and then decreases. This is in
qualitative agreement with theoretical models that
also predict the height of y”(Bm.) and the value of
Bmax in terms of the critical current density, j., and
of a characteristic dimension of the sample [12].
For a slab in parallel field, this is its thickness d,
transversal to the applied field, and at By, =
0.667p10j.d one finds the peak height . = 0.239.
In the case of a strip in perpendicular field, its
thickness in the field direction, 4, is significant. It is
interesting that at the By.x = 0.785 /.4 maximum

P . .
value = 0.237 is quite close to that of the slab.
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Fig. 2. Dependence of the imaginary part of complex AC
susceptibility on the AC field amplitude at the temperature of
80 K.
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Table 2
Critical state and AC susceptibility characteristics of the tapes
Tape  j. (80 K, self By (80 heq OF *dog  heq/hi
field) (A/cm?) K) (mT)  (um) *doq /dri
A 4900 8.5 173 1.2
B 8700 0.73 8.4 0.84
C 4500 1.2 27 2.7
D 7150 6.8 95 14
E 14100 10.2 72 9
F 2450 1.13 *55 *0.92

Because the critical current density j. has been
determined independently in a DC transport
measurement, the values of B, observed for our
samples can be used to determine either /.4, the
thickness of an equivalent strip, or deq, that of an
equivalent slab that will produce the y” maximum
at the same position. The results of such analysis
are given in Table 2. We found reasonable to apply
the strip model to all the tapes but the slab model
for the tape F. In the last column of the table, the
ratio between the equivalent filament dimension
and the geometrical one is shown. For the tapes
A, B and F that is close to 1, suggesting that
the magnetic field does interact with individ-
ual filaments when fully developed critical state is
reached. On the other hand, this ratio is larger
than 10 in the case of tapes D and E with densely
stacked filaments. Tape C with loosely stacked and
well separated filaments represents an intermediate
case. The ratio heq/hm > 1 means that the mag-
netic flux does not “meander” between the fila-
ments in the stack and the penetration is rather to
the stack as a whole.

To perform a comparative analysis of y”(B,)
dependences, let us replot the experimental data by
scaling B, by the B, registered for each curve.
Resulting curves are shown in Fig. 3 together with
those predicted by theoretical models for strip [3]
and slab [6]. We see that the shape is close to the
theoretical predictions in the case of tapes A and
B, where also the values of By, agree with ex-
pectations. For the tape F this is also true for the
region close to the maximum, even if there is a
lateral maximum observable at low amplitudes
that we cannot explain at this moment. The tapes
with stacked filaments exhibit significant broad-

0.25

0.15

0.1

0.05

Ba / Bmax

Fig. 3. Comparison of the shapes of the susceptibility curves
from Fig. 2 by normalization of AC field amplitudes to Byax.

ening of the bell-like curve. In the case of tapes C
and D, it is accompanied by the reduction of the
maximum. One can speculate that this reflects the
interplay between the penetration of the filament
and that of the whole stack. Such considerations
could be only qualitative because of lacking theo-
retical model.

4. AC loss

The AC susceptibility data have been used to
determine the loss per cycle in the volume unity of
the tape according to Eq. (1). To take into account
the tape quality as well, we divided it by the en-
gineering critical current density—related to the
tape’s whole cross-section, Sip,e—to obtain the
value of hysteresis loss per unit length of the tape
and ampere of its critical current

Stape
g2 5
9 =97 (5)

The resulting ¢'(B,) curves are plotted in Fig. 4 for
all the tapes investigated. The conclusions that can
be drawn from this comparison, for the design of
Bi-2223/Ag tapes with a low level of magnetic
hysteretic losses, are the following:

e Homogeneity of superconducting filaments, re-
sulting in a narrow y"(B,) dependence, is essen-
tial—compare the losses of tapes A and C.
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Fig. 4. AC loss per cycle, unit length and ampere of the criti-
cal current, calculated from the susceptibility data measured at
80 K.

e Parallel orientation of filaments with respect to
the applied magnetic field—as in tape F—is of
great advantage.

¢ In the perpendicular magnetic field, the stacking
of filaments reduces the losses due to depressing
of y,. Tape B is a negative example in this con-
text.

We repeat that the purpose of the present study
was to investigate only one component of AC
losses, namely the hysteretic magnetic loss in
perpendicular field. Conditions for depression of
other loss mechanisms could be different, as dem-
onstrate e.g. the works on reduction of coupling
current loss [13]. However, also when a complete
reduction of other significant loss mechanisms will
be accomplished, hysteresis loss will remain be-
cause it stems from the very nature of hard su-
perconductors.

5. Temperature dependence

In the previous paragraphs we have seen that
the electromagnetic behavior of all the investigated
tapes could be explained on the basis of the critical
state model [1]. In other words, the magnetic field
distribution as well as the AC losses are controlled
by the filament architecture and the critical current
density, j.. These two components can be nicely
separated by checking the temperature dependence

0.01 0.1 1 10 100
B./Bmax

Fig. 5. The shapes of susceptibility curves measured at different
temperatures on sample E.

of the AC susceptibility, since the filament geom-
etry does not change with temperature but the
critical current density does. The temperature in-
crease, that depresses j., should result in the shift
of B« towards lower values. However, until the
critical state model would describe the flux dy-
namics correctly, the y”(B,) curves should be
scalable, using proper Bp.x(7T) for each tempera-
ture. This is indeed what we observed in the tem-
perature range 77-95 K for all the investigated
tapes. For illustration, the scaled data of the tape
E are shown in Fig. 5. To fix slight changes in the
height of susceptibility maximum (these were in
any case less than 10%), also the y” values were
normalized by y/.. (7). A deviation from the single
mechanism of flux pinning in the superconductor’s
bulk appears gradually with increasing tempera-
ture, seen as a modification in the curve shape. We
expect that the weakening of the inter-grain cur-
rents compared to the intra-grain ones is respon-
sible for the change clearly distinguishing the 102
K curve from the rest.

The temperature dependence of By, is similar
for all the tapes, as illustrated in Fig. 6. The ab-
scissa was normalized by By.x at 80 K for each
tape. The dashed line is a linear interpolation that
can be expressed as

Th—T
Bmax(T) = Bmax(T;'ef) 0—7
To — Trer
where the reference temperature was T, = 80 K,
and the temperature at which the linear interpo-
lation breaks 7; = 100 K. The temperature de-



F. Gomory et al. | Physica C 371 (2002) 229-236 235

1.2
o
X
1 b o Tape A L
N o Tape B
£ 08 = =
8 e A Tape C
é ° \8\ x Tape D
E 06 N o Tape E B
x
s N
£ “g + Tape F L
m 04 ~ o
\K\
0.2 3
S|
0
75 80 85 20 95 100 105

TIK]

Fig. 6. Temperature dependence of the position of the sus-
ceptibility peak. Data of different tapes are scaled to the 80 K
value.

pendence of B, combined with the shape of
7" (B,) curve established at any temperature within
the validity of the interpolation (5), supplies the
formula for the amplitude and temperature de-
pendence of y”:

" o B,
26T = e 5 ) ©

In this expression, the negligible temperature de-
pendence of the maximum height was omitted.
The function g(x) defines the shape of y"(B,)
curve, with x = B, /Bn.x(T) reflecting the relative
strength of AC field. The form of g(x) was char-
acteristic for each tape. Taking into account, that
¥” is the only temperature dependent quantity in
the loss formula (1), Eq. (6) allows to predict the
hysteresis loss at an arbitrary temperature within
the validity interval of the critical state model.
For our samples this interval was 77-95 K, just
that one attractive for power transmission appli-
cations.

6. Conclusions

Magnetic hysteresis losses were studied on a set
of Bi-2223/Ag tapes with different filament archi-
tecture in an AC magnetic field oriented perpen-
dicularly to the tape surface. It was observed, that
the dependence of the maximum height in %"(B,)

curve on tape architecture is insignificant. This
indicates that y,, the value of susceptibility in per-
fect diamagnetic state, is a purely geometric con-
stant defined entirely by the filament geometry and
distribution. Then it is possible to use it for cali-
bration of the susceptibility data, and absolute
values of AC loss can be found.

Entering the loss formula as a proportionality
constant, a low value of y, is of crucial importance
when the lowering of hysteresis loss is a goal. One
possible way, practically demonstrated here, is the
arrangement of filaments into stacks rather then
putting it in overlapping structure. Another pos-
sibility is to manufacture a tape with filaments that
are parallel to the field which is perpendicular to
the tape wide face. For both cases, the achieved
values of y, were distinctively lower than for the
tape with ordinary filament architecture.

The manufacturing process for these uncommon
filament structures is still far from being optimized
from the point of view of filament regularity,
density and texturing. This is manifested in the
shape of y"(B,) curves, that are much broader and
exhibit lateral maxima. As a result, the achieved
AC loss reduction is not always so significant as
expected from the lowering of y,. Performing the
experiments at different temperatures, we found
that the flux dynamics is well described by the
critical state model in the temperature range 77-95
K, and this allows to express the magnetic hys-
teresis AC loss in this interval by one general
formula, that contains the function defining the
shape of the susceptibility curve, and the temper-
ature dependence of the peak position.

The magnetic hysteresis loss we dealt with in
this paper is only one of the processes that con-
tribute to heat generation in superconducting
tapes in AC conditions. Therefore our conclusions
about optimization of the filament architecture are
valid only from the point of view of this mecha-
nism. Other mechanisms should be taken into ac-
count separately and also in combination with
hysteresis loss, depending on the conditions of
application (temperature, frequency, field, ...).
Therefore the design of low-loss tape could not
be solved as a general problem, and further
thorough studies are necessary for any particular
case.



236 F. Gomory et al. | Physica C 371 (2002) 229-236

Acknowledgements

The authors acknowledge financial support of
this work by the NATO Science Programme under
contract PST.CLG.977317 and the Slovak grant
Agency VEGA under contracts 2/6056/99 and 2/
7198/20.

References

[1] C.P. Bean, Phys. Rev. Lett. 8 (1962) 250.

[2] J.R. Clem, A. Sanchez, Phys. Rev. B 50 (1994) 9355.

[3] E.H. Brandt, Phys. Rev. B 49 (1994) 9024.

[4] Y. Mawatari, Phys. Rev. B 54 (1996) 13215.

[5] P. Fabbricatore, S. Farinon, S. Innocenti, F. Gomory,
Phys. Rev. B 61 (2000) 6413.

[6] R.B. Goldfarb, M. Lelental, C.A. Thompson, in: R.A.
Hein, T.L. Francavilla, D.H. Liebenberg (Eds.), Magnetic
Susceptibility of Superconductors and Other Spin Systems,
Plenum Press, New York, 1991, p. 49.

[7] S. Farinon, P. Fabbricatore, F. Gomory, E. Seiler, IEEE
Trans. Appl. Supercond. 11 (2001) 2776-2779.

[8] P. Fabbricatore, S. Farinon, F. Gomory, S. Innocenti,
Supercond. Sci. Technol. 13 (2000) 1327.

[9] P. Kovag, I. Husek, A. Rosovd, W. Pachla, Physica C 312
(1999) 179.

[10] P. Kovagc, 1. Husek, L. Kopera, Supercond. Sci. Technol.
10 (1997) 982.

[11] P. Kovag, 1. Husek, T. Melisek, K. Kawano, J.S. Abell,
Supercond. Sci. Technol. 14 (2001) 139.

[12] F. Gomoéry, 1. Husek, P. Kovac, L. Kopera, in: A.V.
Narlikar (Ed.), Studies of High Temperature Supercon-
ductors, vol. 32, NovaScience Publishers, 2000, p. 63.

[13] K. Kwasnitza, St. Clerc, R. Flukiger, Y.B. Huang, Physica
C 299 (1998) 113.



