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Abstract

Since many applications of YBCO tapes operate in external magnetic fields, it is necessary to investigate the magneto-
angular dependence of critical current and n-values in coated conductors. In this paper, five commercial YBCO tapes with
different microstructures produced by three different manufacturers are chosen. The selected samples have a width of 2.0,
4.0, 4.8, 6.0 or 12 mm, with copper, brass or stainless steel laminations. The critical current density dependence J.(B, 0) and
n-values characteristics n(B, 6) of the tapes are comprehensively measured under various magnetic fields and orientations.
Afterwards, the obtained experimental data sets are successfully fitted using a novel multi-objective model which considers
the material anisotropy. By using this approach, a fitting function /.(B, ) can always be obtained to accurately describe
the experimental data, regardless of the fabrication and width differences of the superconducting tapes. Moreover, our
experiment shows that when subject to different external magnetic fields, the angular dependence of n-values characteristics
is directly correlated with the corresponding critical current profiles. Our results are helpful to predict the critical current
of electromagnetically interacting 2G HTS wires, thereby improving the design and performance of the devices made from

YBCO tapes.
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1 Introduction

Along with the development of high-temperature super-
conducting (HTS) materials, long lengths of high-quality
YBCO-coated conductors are now commercially avail-
able [1-4]. YBCO-coated conductors are one of the most
promising superconducting materials that can be used in the
power system. The most successful HTS devices, including
superconducting fault current limiters, power transmission
cables and transformers, have shown their superiorities and
potentials compared with their conventional alternatives [,
6]. Moreover, the cost-performance ratio is getting better
thanks to the progress in material researches, which facili-
tates further development of superconducting applications.
In addition, the cost of devices can be further reduced by
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optimizing the layout and also minimizing the quantity of
YBCO-coated conductors that is required by an apparatus.
This optimization process needs information of the mag-
netic field-angular dependence of critical current density
Jo(B,0) [7].

However, since YBCO tapes present complex anisotropy,
and this anisotropic field dependence is significantly influ-
enced by the sample preparation methods, the J.(B,8)
characteristics of YBCO are hard to be predicted and mod-
elled accurately without measurement [3, 8]. Furthermore,
experimental data on the self-field behaviour of the tapes
are not adequate for modelling the electrical performance of
HTS devices, since the power equipment normally operates
under external magnetic fields [9]. Therefore, in order to
support modelling of superconducting applications, measur-
ing the magnetic field-angular dependence of YBCO-coated
conductors thoroughly is of great importance.

To solve this problem, previously, we have measured
the magneto-angular dependence of critical current density
of five different YBCO commercial tapes [10]. During the
fitting process of these results, the validity of our novel
multi-objective model was successfully proved. We have
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shown that a universal description function I.(f(B), 6)
can be obtained based on the five tested tapes, despite
significant differences existing during their fabrication and
composition processes.

In this paper, in order to study further the magneto-
angular dependence of 2G HTS tapes and test the
applicability of our fitting model, we present experimental
and numerical outcomes of five different commercial tapes.
The tested YBCO-coated conductors have five different
widths and three different types of laminations, and are
produced by three different manufacturers. The critical
current and n-values characteristics of the studied tapes are
measured under external magnetic fields with the magnitude
changing from 50 mT to 100, 150, 200 and 300 mT. For
exploring angular dependence, 90 measurements from — 90
to 90° (with an increment of 2°) are taken under each
magnetic field for every tape. Afterwards, the fitting model
we generalized before is applied to fit the experimental
results.

This paper is organized as follows. In Section 2, the
experimental setup and the detailed information of the
studied YBCO tapes are presented. Afterwards, Section 3
demonstrates the anisotropic field dependence of the critical
current of the tapes and the extended Kim model-based
fitting process. Then, Section 4 presents the calculation
process and analysis of n-values of the samples. Finally, the
main conclusions of this paper are summarized in Section 5.

2 Experimental Setup and Measured
Samples

A 600-mT electromagnet with a large homogeneous field
area (~ 204 mm pole face diameter) was used for measuring
the magnetic field-angular dependence of the critical current
of the samples. The YBCO tapes were coaxially fixed under
a high-precision rotary stage which had a graduation of
1° and Vernier of 5'. The rotating stage and a mounted
sample are shown in Fig. 1. In order to measure the voltage
signals, twisted copper wires (@ 0.4 mm) were soldered
on the nameplate side of the YBCO tapes using a low-
temperature solder. The solder-flux was chosen according to
the manufacturers’ suggestions to guarantee better electrical
connection. Specifically, zinc chloride flux was selected
for tapes with brass and copper laminations, while highly
corrosive solder flux was used when soldering stainless
steel-laminated tapes.

In order to reduce the contact resistance, all tested
samples were set to be 180 mm long, with a contact length
of 40 mm at each terminal. Moreover, with high-purity
indium covering both ends as cold welding, the contact
resistance was reduced to as low as ~0.5 mQ for 4-mm
tapes and ~ 0.15 mS2 for 12-mm tapes at room temperature.
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Fig. 1 (Colour online) Photograph of the rotary stage and a mounted
YBCO sample

A four-probe method was employed in evaluating /., and
the voltage criterion V, was defined as 1 x 10™* V/m. The
transport current was supplied by current source Agilent
6680A, and the signals that were picked up by the voltage
taps were monitored by a Keithley 2182A nanometer. The
entire experimental system was controlled by a LabVIEW
platform. In addition, all the experiments were conducted in
liquid nitrogen baths (77 K).

The YBCO tapes we measured were produced by three
different manufacturers: SuperPower Inc. (SP), Shanghai
Superconductor Technology Co. Ltd. (SHSC) and SuperOx
(SO). To be more specific, two types of 2G HTS tapes
from SP were tested: surround copper stabilizer tapes of
2 mm width (SCS2050) and 6 mm (SCS6050), respectively.
The tapes are made by metal-organic chemical vapour
deposition (MOCVD) on an ion beam assisted deposition
made MgO template. The YBCO layer of the two tapes
is 1 um thick, and the substrate of both samples is non-
magnetic commercial compound Hastelloy C-276, with a
thickness of 50 um. Two 2-um silver layers made by the
sputtering technique are coated outside the YBCO layer
and the substrate, providing outstanding electrical contacts
[11]. The third and fourth samples come from SHSC,
with widths of 4 mm (ST-04-E) and 4.8 mm (ST-05-L),
respectively. Both tapes have non-magnetic commercial
compound Hastelloy substrate and metal-organic deposited
YBCO layer. However, it is worth mentioning that ST-04-
E is electroplated with brass, while ST-05-L has a stainless
steel lamination [12]. The last sample refers to the 12-mm-
wide, 0.12-mm-thick YBCO tape that was manufactured by
SuperOx, also called SO-12. This tape has a cold-rolled
and electro-polished Hastelloy C-276 substrate with a width
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Table 1 Technical parameters of the superconducting wires

2G HTS Total thickness ~ Width  Critical current ~ n-value
tapes (mm) (mm) (A)

SCS2050  0.095 2.0 58.8 32.5
SCS6050  0.095 6.0 166.6 31.9
ST-04-E 0.130 4.0 112.0 38.2
ST-05-L 0.350 4.8 175.3 45.1
SO-12 0.120 12.0 301.4 344

of 60 um. The YBCO layer is fabricated by pulsed laser
deposition (PLD) over a buffer of heteroepitaxial layers
deposited by sputtering on the substrate. Moreover, outside
the silver and copper electroplating, the tape is covered
by 5-pum-thick surround polyimide coating [13]. Further
information about the technical specifications of the five
tested tapes is gathered in Table 1.

Fig.2 (Colour online) Magnetic

fi 0=t90° . : ;
ield-angular dependence of / | gt - SCS2050
measured commercial YBCO % Fd Tape surface / / = : L N
tapes: comparison between Br) 60=0° , :
experimental data (symbols) and y /
fitting curves (solid lines B

g ourves ) 0=90°

3 J.(B, ) Dependence of 2G HTS Tapes
3.1 Experimental Result

The variation of critical current I, along with the applied
magnetic field and its orientation is presented in Fig. 2.
The magnetic field was always applied in the direction
perpendicular to the transport current, which is the
maximum Lorentz force configuration. The field angle 6 is
defined as 0° when the external magnetic field is parallel to
the ab-plane of HTS tapes, as illustrated in Fig. 2a.

The anisotropic angular-field dependence of YBCO thin
films is mainly affected by two factors, first, the effect
of the electron mass anisotropy ratio y2 = m¢/m?, that
was proposed by Blatter et al. [14], i.e., the ratio between
the effective mass of the charge carriers along the c-
axis and the ab-plane of the YBCO layer. Microscopic
research have shown that, in commercial 2G HTS tapes,
only a small fraction of YBCO grains have their ab-planes
precisely parallel to the tape surface, while the ab-planes

0
0 (degree)

0 (degree)
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of most YBCO grains align imperfectly. Therefore, a
peak of critical current appeared when external magnetic
field applied parallel to the tape, as can be observed
from Fig. 2b—f. Second, intrinsic pinning must be taken
into account when vortices are approximately parallel to
the ab-plane. This is due to the small coherence length
along the c-axis (£c) compared with the layer separation
(d ~ 1.2 nm) in high-Tc superconductors [15]. These two
mechanisms are non-linearly combined with each other and
may individually become the dominant pinning force at
certain field orientations.

It can be seen from Fig. 2 that the variation trends
of critical current in samples from different commercial
enterprises possess similar qualitative features, suggesting
that the same pinning mechanism might be at play. In
general, all tapes exhibit noticeable peaks when the external
magnetic field is parallel to the film surfaces (B//ab).
However, it fails to show another peak centred at B//c,
indicating that the effect of correlated pinning (or intrinsic
pinning) is insignificant under moderate magnetic fields.
Detailed information about percentage decline of magnetic
field critical current (B = 50 mT or B = 300 mT, 6 = 0°
and & = =90°) relative to self-field critical current in
measured YBCO commercial tapes has been calculated and
gathered in Table 2.

Specifically, the 6 mm SuperPower sample SCS6050
shows the most significant angular dependence among all
measured tapes. Under 300 mT external magnetic field, it
experiences the smallest percentage decline 28.7% at 6 =
0° (B || ab-plane, B L I), while the biggest percentage
decline 70.1% shows at & = +90° (B || c-axis, B L I). The
strong anisotropic characteristic makes this YBCO sample
suitable for applications in which the external field is always
parallel to the ab-plane of the tape, since relatively a high
critical current can still be preserved with an increase of the
field density.

Compared with SCS6050, the other SuperPower sample
SCS2050 has a smoother descending of /. when the external
field increases: from the self-field critical current 58.8 A
reduced by 31.7% at 300 mT/0° and 67.8% at 300 mT/90°,
as shown in Fig. 2b. Then, further measurement reveals that,
along with changes of angle and intensity of the external

magnetic field, the variation trend of critical current profiles
of ST-04-E from Shanghai Superconductor is very similar to
SCS2050. The differences between the average percentage
decline of ST-04-E and SCS2050 are only 3.6% at 50 mT
and 2.5% at 300 mT, respectively.

The remaining two YBCO samples, ST-05-L from
Shanghai Superconductor and SO-12 from SuperOx, are
less sensitive to the angle and density of the external
magnetic field, indicating that these two tapes have better in-
field performance in moderate fields. Among all measured
2G HTS wires, the one with the lowest magnetic-angular
dependence is SO-12, in which the critical current curve is
less angular sensitive under high magnetic field, as can be
seen from Fig. 2f. With this relatively isotropic property,
SO-12 is capable of performing very well when assembled
in rotating devices, e.g., superconducting motors, due to its
high effective critical current in varying the electromagnetic
environment compared with other measured samples.

3.2 Curve Fitting

In our previous work, we have proposed a fitting
method that can successfully describe the magneto-angular
dependence of critical current in 2G HTS tapes. The
equation we derived is an extended version of the Kim
model [16], which takes into account the material anisotropy
and the flux-creep processes of YBCO samples [10]. Our
approach can be generalized as

B\*1F

I(8, B) = Ico [1 + &9 (—) ] QY
By

with

£g = \/ y~2sin’(6) + cos?(6) 2)

In (1), I.o = 1.(0,0) represents the self-field critical
current, while B is the norm of the magnetic flux density. In
addition, By and B are empirical parameters introduced by
Kim. The thermally activated flux-creep characteristics of
specific samples can be well described by properly adjusting
their values. Moreover, we added a variable « into the
equation, for making this fitting approach more accurate

Table 2 Percentage decline (Pq) of magnetic field-critical current (50 and 300 mT, and £ 90°) with respect to self-field critical current for the

studied 2G HTS tapes

Width (mm) 1. (0 mT, 0°) (A) P4 (50 mT, 0°) (%)

Py (50 mT, £90°) (%)  Pq (300 mT, 0°) (%)  Pg (300 mT, £ 90°) (%)

SCS2050 2.0 58.8 5.1
SCS6050 6.0 166.6 4.2
ST-04-E 4.0 112.0 8.0
ST-05-L 4.8 175.3 3.9
SO-12 12.0 301.4 8.3

27.1 31.7 67.8
37.1 28.7 70.1
31.3 35.7 66.9
9.2 38.8 64.0
24.6 45.5 61.1
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and more general. In order to minimize the number of free
parameters, the value of o was always fixed to be 1 at
the first step of every optimization, and it would only be
changed when no preferable fittings could be achieved with
this setting. The applied field was also scaled by a function
formed based upon the electron mass anisotropy ratio of
the material y> = my/m?,, ranging from 1 to around
25, corresponding to different characteristics between fully
isotropic condition and highly anisotropic conductivity of
YBayCu3z0O7_; grains [17].

In order to acquire precise fittings of the YBCO tapes,
the self-field critical current I in (1) was fixed at values
that are listed in Table 1, which left four parameters,
By, «, B, and y, to be determined. Then, potential
choices for the four parameters were selected empirically
[18], to prepare for further calculation. Next, a candidate
list of optimal fittings was generated by considering all
combinations of the four mentioned parameters, giving
N = Np, * Ny * Ng x N, options in total. Last, for
every set of parameters on the candidate list, the mean
absolute percentage deviation (MAPD) and the root-mean-
square deviation (RMSD) of fitting results with respect to
the experimental measurements were calculated based upon
the following equations:

3

1 NsNp |Ifitting — Imeasurement| k
SMAPD = Z

NpNy k=1

]measurement

Z/I(vj]N ‘ (1 fitting — measuremem)i

NNy
where Np = 5, representing that we have conducted the
Je (B, 0) experiment in the external magnetic field with
five different amplitudes. Moreover, Ny = 90 stands for
the number of experimental orientations in each given field.
The standard of being a qualified fitting was set as MAPD
smaller than 3%.

The optimal fitting processes revealed that there exist
numerous sets of By, «, B and y, which can lead to
excellent fittings of the experimental measurements about
anisotropic field dependence of YBCO thin films. Taking
the 4.0-mm tape ST-04-E for example, we have set « = 1
and considered 20 values for each one of the other three
parameters, giving 8000 possible combinations in total. The
simulation showed that 49 out of the 8000 choices were able
to provide fitting results with MAPD lower than 3%. These
49 combinations could be considered as in equally good
agreement with the measurements, since YBCO tapes, even
those manufactured in the same batch, still possess small
statistical variation of physical characteristics [18].

The specific values that we used to fit the in-field angular
dependence of ST-04-E (see Fig. 2d) were By = 80.83 mT,
o = 1, = 0.72 and y> = 4.35. The corresponding
MAPD and RMSD in this case were, as determined from

“

SRMSD =

calculations, 1.75% and 1.48, respectively. Using the same
method, for the tape SCS6050 (Fig. 2¢), it was found that 83
out of 8000 parameter combinations could lead to precise
fitting curves (MAPD within 3%). The lowest MAPD and
RMSD in this case were 2.30% and 3.06, which were
generated by the following data set: By = 56.04 mT, o = 1,
B =0.67 and y> = 7.69.

Setting ¢ = 1 prior to the optimization is suitable
for ST-04-E and SCS6050. However, when the studied
tapes express more complicated anisotropy of critical
current properties, the tolerance requirement between the
optimization results and experimental observations can no
longer be accomplished: e.g., for the 2.0-mm tape SCS2050,
the lowest MAPD and RMSD that can be achieved with
o = 1 are 5.37% and 3.19, which means the peaks of current
curves are distorted by more than 10%.

In order to achieve desirable accuracy and maintain the
least number of fitting parameters, the value of o will
have to be varied to provide accurate estimations. With an
alterable « in the optimizing procedure, the MAPD and
RMSD of SCS2050 were substantially reduced to 1.21%
and 0.77, respectively. The specific values of the parameters
used to obtain fittings shown in Fig. 2b are By = 58.27 mT,
o = 129, B = 0.50 and y> = 4.76. In the same way,
accurate expressions for the J(B,6) dependence of the
remaining two YBCO samples were achieved as well. For
the stainless-steel-laminated tape that was manufactured by
Shanghai Superconductor, ST-05-L, minimization showed
that with By = 100.38 mT, « = 198, § = 0.45 and
y2 = 4.17, the MAPD and RMSD can be as low as 1.06%
and 1.47, respectively (Fig. 2e). In addition, optimal fitting
parameters of the 12-mm-wide sample SO-12 were proved
to be By = 53.26 mT, @ = 1.59, B = 0.36 and y? = 3.34.
The corresponding MAPD and RMSD of this fitting are
1.88% and 4.01.

The explorations of J (B, #) of all measured commercial
tapes were successfully finished. The results above con-
vincingly demonstrated the universality of our numerical
approach, since in this paper the YBCO samples we stud-
ied were completely different from the samples we used
in our previous research. The optimized fitting parameters
and precision information of each 2G HTS tape are listed in
Table 3.

4 In-Field Angular Dependence of n-Value
Characteristics

During processes of measuring critical current under
different angles and field conditions, for each data point
that was plotted in Fig. 2, we have correspondingly stored
a unique /-V curve, which contains detailed information
about the transition from the superconducting state to
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Table 3 Optimal fitting parameters of the tapes and corresponding precision information

2G HTS tapes Io (A) By (mT) o B ¥y MAPD RMSD
SCS2050 58.81 58.27 1.29 0.5 4.76 1.21% 0.77
SCS6050 166.55 56.04 1 0.67 7.69 2.30% 3.06
ST-04-E 112.02 80.83 1 0.72 4.35 1.75% 1.48
ST-05-L 175.25 100.38 1.98 0.45 4.17 1.06% 1.47
SO-12 301.42 53.26 1.59 0.36 3.34 1.88% 4.01

the dissipative state. Based on these data, the n-values
characteristics in studied YBCO tapes can be calculated: by
taking the logarithm for both sides of the E-J power law, it
can be derived that

Thus, n-values can be extracted from the linear fit to
log(V/V,) vs. log(I/I;). By using (5), we have calculated
and then plotted the magnetic field-angular dependence of
n-values in measured samples, as shown in Fig. 3. During
the process of linear curve fitting, a certain level of uncertainty

log <K> =n xlog (L) (5)  was introduced, which led to visible fluctuation in n-values.
Ve I However, the overall tendency should be unaffected.
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It can be seen clearly that in all five cases, the n-
values were always correlated to the critical current of
the measured tapes, a fact that has been observed in
numerous experimental studies [19, 20]. In detail, since the
SuperPower tapes (SCS 2050 and SCS 6050) have identical
structure, they both showed similar n-values, which varied
in the same range with respect to the increase of B from
50 to 300 mT. Moreover, minor but noticeable angular
dependence could be seen when a magnetic field existed, as
shown in Fig. 3a, b.

Among all measured tapes, the two samples from SHSC
exhibited the highest self-field n-values, and therefore the
highest self-field critical current density, as can be seen
from Fig. 3c, d and Table 1. However, their n-values fell
relatively fast under the external field: with B climbing to
300 mT, their n-values declined to a level similar to that
of the other three samples. Regarding angular dependence,
the two tapes performed quite differently. Specifically, the
curves of n-values of ST-04-E remained flat even under
magnetic field B = 300 mT, while ST-05-L showed obvious
anisotropy with all magnitudes of the applied magnetic
field.

In addition, the n-values of Russian sample SO-12
decreased from 30 to 17 during our field-dependence test,
but stayed unaffected when the relative angle between
external B and the tape surface was adjusted. This
observation is in good agreement with its critical current
characteristics, which proves again that SO-12 is the best
choice out of the five studied samples to work inside a
rotating magnetic field.

5 Conclusion

In this paper, we have presented a thorough study about
magnetic field-angular dependence of 2G HTS coated
conductors. The features of the critical current of five
commercial YBCO tapes manufactured by three companies
were measured sequentially from —90° to + 90°, with
an external magnetic field from 50 up to 300 mT. It
was found that the angular dependence of the critical
current increased with the rise of the magnitude of the
magnetic field. After then, the J.(B,6) characteristics
obtained from the experiment were accurately fitted using
a general model we developed before, whose applicability
and universality were proved by this work. Moreover, the
magneto-angular dependence of n-values was calculated
and analysed, showing that for the studied tapes n-values are
directly correlated with their critical current profiles. Our
results may be helpful to the design of HTS applications
which require superconducting wires operating inside the
external magnetic field.
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