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Relation between n-Value and Critical Current in Filamentary
and Coated Superconducting Tapes with Tensile Stress-Induced Cracks
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We have determined experimentally that the n-value of tension-damaged bismuth strontium calcium copper oxide (BSCCO, Bi2223)
filamentary superconducting tape decreases very sharply with decreasing critical current, compared with bending-damaged tape. In this work, the
sharp decrease in the n-value associated with decreasing critical current under applied tensile stress/strain was studied with a current shunting
model that assumes cracks in filamentary and coated superconductors. In a filamentary conductor containing collective filament cracks, defined
as cracks composed of successively cracked filaments in a transverse cross-section, the decrease in the cross-sectional area of the super-
conducting current transportable-filaments reduces the critical current, and the shunting current at the crack reduces the n-value. In addition, the
decrease in the electrical resistance in the current shunting circuit increases the critical current slightly and decreases the n-value sharply. The
experimentally measured relationship between the n-value and the critical current for two BSCCO samples from different manufacturers was
described by the upper and lower bounds calculated with the current shunting circuit resistance as a variable. The experimentally measured
relationship between the n-value and the critical current for two different coated conductors were described in a similar manner.
[doi:10.2320/matertrans. MAW201501]
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1. Introduction
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In multi-filamentary composite tapes under tensile stress/
strain, the weaker filaments in the gauge length crack at an 15
early stage. Subsequently, the stress concentration arising
from the cracked filaments causes collective cracks, which
are composed of successively cracked filaments in a trans-
verse cross-section,'™ dramatically reducing the critical
current and n-value. Under bending strain, filament cracking
is caused by the tensile strain in the length direction, although 5F Q}
its extent depends on the location in this direction.*™ In O
addition, the tensile strain varies greatly along the thickness
direction; it is equal to the residual strain at the neutral axis, 0
and it increases with distance from the neutral axis on the
tensile side. Accordingly, the filaments far from the neutral
axis are cracked severely, whereas those near the neutral axis 20
are less cracked.

Due to the difference in damage evolution between tensile
stress/strain and bending strain,® the relationship between 15
n-value and critical current (/;) measured under tensile stress/
strain is different from that measured under bending strain.
Figure 1 shows the experimental results for two bismuth
strontium calcium copper oxide (BSCCO:Bi2223) filamen-
tary tape samples (Samples A and B) supplied by different
manufacturers. For both samples, the voltage-current (V-) 5+ o 4
curves at various applied tensile stresses/bending strains
were measured for a distance between the voltage taps (L) of e
1 cm. The values of critical current (/) were obtained with an 0 ' : '
electric field criterion of E. = 1uV/cm, corresponding to 0 20 40 60 80
V.= E.L = 1uV in this case, and the n-values were obtained Critical current, | /A
as the n-index in VocI” for the electric field range of ¢
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E =0.1-10puV/cm, corresponding to the voltage range of
V' = 0.1-10 pV. The n-value given by d1n(V)/dIn(/) refers to
the slope of the V-I curve in the voltage range of V= 0.1-
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Fig. 1 n-value as a function of /, measured under tensile stress and under
bending strain in two BSCCO(Bi2223) filamentary tape samples supplied
by different manufacturers; (a) Sample A and (b) Sample B. The data
for Sample A under tensile stress” and bending strain® and those of
Sample B under tensile stress® and bending strain” were taken from our
previous work.
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Fig. 2 Examples of the J-/ curves of Sample B (BSCCO filamentary
sample) under applied (a) tensile stress, or, and (b) bending strain, ep.

10 uV on the logarithmic scale. The V- curves, which are
straight for the logarithmic scale when the samples are not
damaged, become curved when samples are damaged under
tensile stress/strain. In this case, the n-value is estimated as
the average slope in the corresponding electric field range.
The data for Sample A (Fig. 1(a)) were taken from Refs. 1)
and 5), and those for Sample B (Fig. 1(b)) from Refs. 6) and
7). The following features were observed. (1) Under no
applied stress, the average critical current value, /.y, and
average n-value, ng, are 158 A and 17 for Sample A, and
68 A and 17 for Sample B, respectively. In the range of
I./Io>0.55 in Fig. 1, the decrease in n-value with
decreasing /. under bending strain is small compared with
that under tensile stress. (2) In the range of 7./ < 0.55, the
decrease in n-value with decreasing /. under bending strain
becomes very sharp. This behavior could be attributed to the
filaments buckling on the compression side and damage on
the tension side.>””

Feature (1) is visible as the difference in the shape of the
V-I curves on the logarithmic scale in Fig. 2. The n-value
decreases sharply with decreasing /. under tension in the
representative curves of Sample B in the current region of
1./1o > 0.55, although it decreases slightly under bending
(Fig. 1(b)). The average slope (dIn(¥)/dIn(l)) in the range
of V'=0.1-10puV in Fig. 2, corresponding to the n-value,
decreases with increasing tensile stress. In contrast, under
bending strain, the decrease in slope is slight.

In our recent work,® we described the slight decrease in n-
value with decreasing /. under bending strain in the /; range
of I./I.o > 0.55 before buckling in Sample B. The model
described the experimental results for the location-dependent
damage evolution in the sample thickness direction. In the
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Fig. 3 (a) Configuration of the test piece for measuring the /. and n-value
of Samples A and B under applied tensile stress, or. (b), (¢) Experimental
results for Sample A showing the change in /. and n-value with increase
in applied stress." The I, and n-value were measured for sections S1 to S6
in the test piece in (a). Because or was the same in S1 to S6 in this test
piece, the /. and n-value measured for S1 to S6 are plotted against oy in
(b) and (c).

present work, we focus on describing the sharp decrease in -
value with decreasing /. under tensile stress/strain.

In our measurements of the /. and n-value of Sample A
under tension,! seven voltage taps were attached to the tape
surface spaced at intervals (L) of 1 cm (Fig. 3(a)), and the V-1
curves of the six sections (S1 to S6) with a length of 1 cm were
measured under various tensile stresses. Because of the
difference in cracking behavior among the sections, the strains
ofthe sections were different although the stress was the same.
Therefore, stress oy is used instead of strain as a measure of
the mechanical conditions under tension. The change in /. and
n-value of S1 to S6 with applied stress are shown in Fig. 3(b)
and (¢). The I, and n-value remain nearly constant up to
or = 69.9 MPa. Above or = 79.8 MPa, both I, and n-value
decrease with increasing ot because of the Bi2223 filaments
cracking. The boundary between non-cracked and cracked
regions is indicated with broken lines. The crack evolution
behavior is different for S1 to S6, even under the same or. This
feature is reflected in the large difference in the change in /.
and n-value with or among S1 to S6.
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In our recent work, a current shunting model of the cracked
region'%1?) described the V-7 curves and change in I, and n-
value with increasing applied tensile stress in Sample A
satisfactorily.”) The model is described in Subsection 2.1.
Under tensile stress/strain, /. and n-value are affected by the
crack density and crack size distribution; n-value tends to be
higher for higher crack densities and narrow crack size
distribution.'3~!® Furthermore, different n-values can co-exist
for a value of /.. This implies that the relationship between
n-value and /. is not uniquely determined because crack
evolution is different among samples. In this work, to
overcome this problem, we used the current shunting model
to provide the upper and lower bounds to calculate the n-I,
relation. The calculations based on the current shunting
model are described in Subsection 2.2. We applied our
approach to describing the experimental results for a
filamentary conductor (Samples A and B under tension in
Fig. 1). Furthermore, the present approach was used to
calculate the n-I; relationship for coated conductors, which
show a sharp decrease in n-value with decreasing critical
current under tension,''™!> similarly to that in filamentary
conductors. The results obtained by the present approach
for filamentary and coated conductors are shown in
Subsections 3.1 and 3.2, respectively.

2. Calculation of the n-I. Relation

2.1 Current shunting model in cracked region

Figure 4 shows a schematic representation of the (a)
current path and (b) simplified electrical circuit in collective
cracks in filamentary conductors, based on the partial crack-
current shunting model."!'%15 A partial crack is defined as
a crack that exists in part of the transverse cross-section
of the superconducting filament or layer. Similar to our
previous work," Bi2223 filaments are replaced by a single
equivalent filament and the collective cracks are replaced
by a single equivalent partial crack. Moreover, in our
previous analysis of the F-/ curve, I, and n-value of
cracked coated conductors,!'”'>) we replaced the arrayed
multiple cracks with a single equivalent crack in the model,
because current shunting occurs via the same mechanism in
both single and multiple cracks. The experimental results
were described well despite the replacement, suggesting
that replacement is a useful analysis tool. Based on this
finding, we also use the single equivalent crack model in
this work. As shown later, the experimental results for
filamentary and coated conductors are well described by the
present approach.

In this subsection, a filamentary conductor is used to
illustrate a model that can be applied to both filamentary and
coated conductors. f is the ratio of the cross-sectional area
of the cracked part to the total cross-sectional area of the
filament and 1 —f is the area ratio of the ligament. The
ligament with area ratio 1 — f transports current /. In the
cracked part with area ratio f, current /5 (= I — I,) is shunted
into Ag. The voltage that develops in the ligament that
transports current /,, is denoted as V} in Fig. 4(b). The
voltage, Vs = IR, (R, is the current shunting circuit resistance,
I is the shunting current), that develops in the cracked part
from I, is equal to V}, because the ligament and cracked parts
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Fig. 4 Schematic of (a) current path and (b) simplified electrical circuit for
an existing partial crack.

form a parallel circuit. Thus, we can express the V-I relation

of cracked sample as'!'=19)
I\™
e E°L<_) wh ()
Lo
1 1
L\mf Vp |m |
b+ Is c0( f)<s> |:ECL:| +Rt 2)

where L (= 1cm) is the distance between the voltage taps,
s is the current transfer length,'® I is the critical current
of the non-cracked Bi2223 conductor, and n is the n-value
in the non-cracked state. Fang et al.'” used s as the opening
displacement of the crack although it can be replaced by
the current transfer length, from which eqgs. (1) and (2) can
be derived in the same manner. When the values of
(1 — f)(L/s)"/™ and R, are known, the V-] curve, and hence
I, and n-value, can be calculated. The term (1 — f)(L/s)!/"
in eq. (2) has a physical meaning of /./I, in a theoretical
scenario where the crack is substantial and no current
shunting occurs.'? In practice, current shunting occurs, and
thus the values of (1 — f)(L/s)'/" and R, are estimated from
the measured V-/ curve.

In our previous work," we applied the current shunting
model to the J-I curves of Sample A under tension.
Figure 5(a) shows typical examples of the measured V-1
curves. “A” refers to the F-/ curve in non-cracked state
and “B” to “G” in cracked state. The J-I curves (solid
curves) were fitted by egs. (1) and (2), and the values of
(1 — f)(L/s)"/" and R, were obtained as shown in Figs. 5(b)
and (c), respectively. To examine the reproducibility of the
experimental results with these values of (1 — f)(L/s)!/™
and Ry, V-I curves were calculated from egs. (1) and (2). The
calculated V-/ curves (dotted curves, Fig. 5(a)), satisfactorily
reproduce the measured curves in wide range of the extent
of cracking, even though this complex behavior is simply
approximated in this model.

The current transported by the ligament, /y, is calculated by
Io(1 — F)(L/s)/™[Vy/(E.L)]"™ and the shunting current,
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Fig. 5 Results for applying the current shunting model to the experimental
results for Sample A." (a) Typical examples of measured V- curves (solid
curves) and F-/ curves (dotted curves) calculated by substituting the
estimated values of (1 — f)(L/s)!/™ and R into egs. (1) and (2). “A”
refers to the V-I curve measured at op = 69.9 MPa where no crack was
formed. “B”, “C”, “D”, “E”, “F”, and “G” refer to the V- curves of S2
at oy = 79.8 MPa, S2 at or =85.0 MPa, S6 at or = 86.5MPa, S2 at
or=91.6 MPa, SI at or = 91.6 MPa, and S6 at or = 91.6 MPa in the
cracked region, respectively. (b) Values of (1 — f)(L/s)!/" and (c) values
of R; obtained from the V-I curves in the cracked region.

I, is calculated by V,/R;. Figure 6 shows examples of the
calculated V-1 and V-1, curves on a logarithmic scale, together
with the relationship among 7, I, and ;. “A”, “E” and “G” in
the figure correspond to “A”, “E” and “G” in Fig. 5(a).
Because “A” is not cracked, / is equal to /,, and /; is zero for
the whole range of V. The difference between / and 1, is equal
to Iy (=1 — 1) in “E” and “G”.
The results in Figs. 5 and 6 show the following behavior.
(1) The (1 — f)(L/s)"/" decreases with increasing applied
stress owing to the increased crack extension decreasing
the area fraction of the ligament at higher stresses. The
cracking behavior of sections S1 to S6 is different,
resulting in the wide distribution of ligament area
(Fig. 5(b)). R; also varies with applied stress, namely
with crack evolution. Similar to (1 — £)(L/s)"/", the R;
values of S1 to S6 differ because of the difference in
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Fig. 6 Examples of the calculated V-/ and V-I, curves on a logarithmic
scale, showing the increase in shunting current with increasing / when
cracking occurs. “A”, “E”, and “G” in this figure correspond to “A”, “E”,
and “G” in Fig. 5(a), respectively.

damage evolution behavior. The distribution of R; is
wide, in the range of 0.2-0.8 uQ2 with an average
around 0.5 u2 (Fig. 5(c)).

(2) The shunting current, Iy (=1 —1,), increases with
increasing V in cracked “E” and “G” (Fig. 6). This
affects I, and n-value as follows. I, is defined as
I.=5L+ I at V="V,=1uV, as indicated with the
arrows (Fig. 6). At 1 uV, a small shunting current, I,
develops. This means that /; increases / slightly from
I,. The n-value in this work is taken as an index, 7, of
V o< I"™ in the voltage range of V= 0.1-10 pV. [ is very
low at ¥'=0.1uV and very high at = 10pV. This
behavior causes large curvature in the F-/ curve,
decreasing the n-value (Fig. 6).

2.2 Calculation of n-I, relation

Based on our results, the current shunting model was
used to derive the n-I. relation directly. As shown in
Section 2.1, R; varies with crack extension and it differs
among the test pieces owing to the differences in damage
evolution, and it is in the range of 0.2-0.8 u2. For
R =0.5uL, (1 — f)(L/s)"™ =0.05,0.2,0.4,0.6,0.8,0.95,
I.o= 158 A, and no = 17 (average values of I, and n-value
in the non-cracked state obtained from Fig. 1(a)), the V-1
curves can be calculated (Fig. 7(a)), showing the effect of
(1 — f)(L/s)"/™ on the V-I curve at a given Ri-value. As the
area fraction, (1 —f), of the ligament decreases with the
increase of the crack area fraction, £, the V-I curve shifts to
a lower current region and the curvature of the F-/ curve
increases.

The effect of R, on the J-I curve is shown in Fig. 7(b),
where the calculated F-/ curves for the values of
(1 = f)L/s)Y™ =05, Io=158A, ny=17, and R, =0.2
(dotted curve), 0.5 (broken curve), and 1.0 u2 (long dashed
short dashed curve) are presented. The V- curve tends to be
curved more for lower R, values and the n-value decreases
for decreasing R;. In addition, the critical current /. at
V="V.=1uV increases slightly with decreasing R;. Thus,
for the n-I. relation, the n-value decreases and the /. value
increases as R; decreases, resulting in a sharper decrease in
n-value as I, decreases for lower R, values.
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Fig. 7 Examples of the calculated V-/ curves and n-/. relation. (a) V-/
curves calculated with egs. (1) and (2) with /o = 158 A, ng =17, R, =
0.5u8, and (1 — f)(L/s)"/™ = 0.05, 0.2, 0.4, 0.6, 0.8, and 0.95. (b) V-I
curves calculated with egs. (1) and (2) with (1 — f)(L/s)"/™ = 0.5,
1o =158 A, ng = 17, and R; = 0.2 (dotted curve), 0.5 (broken curve), and
1.0 u€2 (long dashed short dashed curve). (c) n-I, relation calculated for a
wide (1 — f)(L/s)"/™ range and R, = 0.2, 0.5, and 1.0 uQ at I,y = 158 A

and ny = 17.

From the calculated V~I curves, we obtain (I, n) values for
a given set of [(1 — f)(L/s)"/™, R, values for I,o = 158 A
and ny = 17. Figures 5(a) and (b) show that the values of
both of (1 — f)(L/s)"/" and R, are widely distributed owing
to the difference in cracking behavior. To describe the n-I;
relation for this distribution, it is necessary to calculate V-/
curves for a wide range of [(1 — f)(L/s)"/™, R] values. In
the present work, because (1 — f)(L/s)"/" plays a dominant
role in determining 1, 1HI21415) this value is varied in the
range of 0.025-1, which produces almost the whole range of
1. (0-I). For example, many sets of (/. n) values can be
obtained from the wide variety of V-I curves calculated from
egs. (1) and (2) using a wide range of (1 — f)(L/s)"/™
values (0.025-1) and R, = 0.2, 0.5, and 1.0 u2. From the sets
of (I, n) values, n-I relations for R, = 0.2, 0.5 and 1.0 u2
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Fig. 8 Comparison of the calculated upper (dotted curve) and lower
(broken curve) bounds of the -/, relation with experimental results for the
BSCCO Bi2223 conductors supplied by different manufacturers. The
experimental data for (a) Sample A" and (b) Sample B® were taken from

our previous work.

can be constructed (Fig. 7(c)). In this example, the n-value
decreases sharply as /. decreases for low R values owing to
the higher /5 at low R, values.

Because the value of R, is affected by the damage
evolution behavior, it changes with the applied stress. The
experimentally measured n-/; relation is not described by a
unique value of R;. The lower and upper bounds of R, are
obtained by comparing the experimentally measured n-I,
diagram with the calculated n-I. relations for various R;

values.
3. Measured n-I, Diagram

3.1 Filamentary conductors

Figure 8(a) shows the measured n-/, diagram of Sample A,
taken from Fig. 1(a), and the n-I, relation calculated with
R =0.3, 045, and 0.6 u2. The experimental results are
almost within the upper bound (dotted curve, R, = 0.6 u<2)
and lower bound (broken curve, R; = 0.3 u2). The R, values
giving the upper and lower bounds for the n-I. diagram in
Fig. 8(a) were similar to the range of R; values (0.2-0.8 pu<2)
obtained from the fitting of the measured J-/ curves
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(broken curve) bounds of the -/, relation with experimental results for (a)
DyBCO and (b) GdABCO coated conductors. The experimental data for
DyBCO were taken from our previous work,'" and that for GdBCO were
taken from Ref. 16).

(Fig. 5(c)). Thus, the experimentally measured n-/, relation
can be described with the present approach by finding the
lower and upper bounds of the R, values.

The same approach was used to describe the experimental
results for Sample B (Fig. 1(b)), for which the R, value-range
is unknown. Figure 8(b) shows that the experimental results
are satisfactorily described with the range of R, = 0.2—
0.8 u€2, which is similar to that of Sample A. Our approach
can be used to describe the n-I. diagram and to estimate the
lower and upper bounds of the R, value roughly.

3.2 Coated conductors

In coated conductors, the cracks in the superconducting
layer reduce the I, and n-value!'"'® as do the collective
cracks in filamentary conductors.” To examine the ap-
plicability of the present approach to describing the n-I;
relation in a coated conductor, it was applied to the
experimental results for a DyBCO coated conductor.'” The
experimental and calculated n-/, diagrams in Fig. 9(a) show
that the experimental results are described satisfactorily by
the present approach. The R, range of the sample has been
estimated to be 2-5 u$2,'" which is similar to the calculated
range of R, (2.5-5u<2).

The same approach was applied to the experimental results
reported by Oguro et al.'® for a GdBCO-coated conductor
with a sample length of 1 cm. The experimental n-/ relation
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(52 A, 39) for Sample A, Sample B, DyBCO, and GdBCO, respectively.

was described satisfactorily by the R; value range of 3-
6.7 2. The difference in R; value between the coated
conductors (DyBCO, GdBCO) and filamentary conductors
(BSCCO) might be attributed to the difference in stabilizer
(copper in DyBCO and GdBCO, and silver in BSCCO).
However, further study is needed to clarify this observation
because R, is affected by the current transportation of the
superconducting layer/filament, stabilizer and interface, and
by the crack evolution in the superconducting layer/filament,
which could raise Ri-value and also could cause interfacial
debonding between the superconducting layer and stabilizer
when a fracture mechanical condition is satisfied.

Figure 10 shows the correlation between the n-value and
1., and the correlation between the normalized n-value (n/n)
and normalized critical current (I./1.), where ny and I, are
the values of # and /. in a non-cracked state, respectively. The
experimental correlation between n-value and /., and the
calculated n-I; relation obtained with an R, value that gives
an average n-I. curve between the upper and lower bound
curves are shown in Fig. 10(a). R; = 0.45 uQ2 for Sample A
(filamentary BSCCO; Fig. 8(a)), 0.5u2 for Sample B
(filamentary BSCCO; Fig. 8(b)), 3.5 u<2 for coated DyBCO
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(Fig. 9(a)), and 4.5uQ for coated GdBCO (Fig. 9(b)).
Figure 10(b) shows the relationship between n/ny and
I./lo, converted from the n-I. curves with (lo,n0) =
(158 A,17), (68A,17), (196A,40), and (52A,39) for
Samples A and B, and the DyBCO and GdBCO samples,
respectively. The n/ng-I./1 relation shows the following
features. (1) In all filamentary and coated conductor samples,
the shape of the n/ny-1I./1y curves is similar; n/n, decreases
dramatically with decreasing 1./l in the region where
1./l = 0.8-1, gradually where I./I,o = 0.3-0.8, and then
sharply where I./I,0 = 0-0.3. (2) The sharper reduction in
n/ngy than that in ./l in the range where I./I,o = 0.8-1 is
caused by the early stage of crack evolution. Even when the
crack is small, the n-value is greatly reduced. This reduction
is greater when ng is higher. (3) The n-I. relation can be
calculated as shown in Figs. 7-9. As R; increases, I,
decreases and n increases for any crack size. Accordingly,
the n-I. curve shifts to higher n for higher R,, For any
I.-value, the n-value increases with increasing R,. However,
the height of the n/ny of the n/ny-I./I relation is not in
the order of R, and is affected by I, and ny. For example,
at I./I.0=0.95, n/ny for samples with low R; values
(Sample A: R = 0.45puQ2 and Sample B: R, = 0.5u€) are
higher than those with high R, values (DyBCO: R, = 3.5 u<2
and GdBCO: R, = 4.5 u2). For Samples A and B, ny was 17,
whereas it was around 40 for DyBCO and GdBCO. The
reduction in 7 in the early stage of cracking is greater for
larger ng values, the effect of which is greater than that of the
R, value. In addition, at other /./1 values, the height of n/ng
is not in the order of the R, values. Therefore, the effect of I
and ng on the n/ng-1./1 relation is large. It is difficult to
estimate R; directly from the n/ny-I./I relation. To estimate
Ry, the present approach using the n-/, relation is simple and
convenient.

Our approach is a simple, practically useful tool for
describing the experimental n-/. diagrams of both filamentary
and coated conductors. It can be used to estimate the R; value
range directly from an experimental n-/. diagram.

4. Conclusions

(1) Collective filament-cracks in filamentary superconduct-
ing tapes reduce the cross-sectional area of the super-
conducting current transportable-filaments, and hence
the critical current, /.. The shunting current at the crack
reduces the n-value.

S. Ochiai, H. Okuda, M. Fujimoto and K. Osamura

(2) In cracked samples, the n-value decreases and the I,
value increases slightly as the electrical resistance in the
current shunting circuit decreases.

(3) A simple approach based on a current shunting model
was presented to describe the n-1, diagram measured for
existing cracks. The experimental n-/. diagram for two
BSCCO samples supplied by different manufacturers
were described with the upper and lower bounds of the
resistance value in the shunting circuit.

(4) The experimental n-I. diagrams for two coated con-
ductors fabricated by different routes were also describ-
ed by the present approach. The present approach is
a simple, practically useful tool for describing n-I,
diagrams of filamentary and coated conductors.
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