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Abstract: Superconducting fault current limiters (SFCL) can be an alternative to conventional devices
limiting short-circuit currents in power systems. SFCL use high-temperature superconducting tapes
of the second generation (HTS 2G) in SFCL, which, after reaching the characteristic critical current of
the tape, go into the resistive state (quenching), limiting the short-circuit current. The critical current
determines the moment of activation of the SFCL. Therefore, its value should not change during
the operation of the device due to repeated limitation of short-circuit currents. The constancy of the
critical current is a prerequisite for proper cooperation with the power system protection devices.
Multiple quenching can cause microdamage in the superconducting layers responsible for lowering
of the value of the critical current of the HTS tapes. The article presents the research results on the
degradation processes of 2G HTS tapes intended for the construction of SFCL due to the action of
prospective short-circuit currents with values exceeding the critical current of the tested tapes. The
decrease in the value of the critical current of the HTS tape as a result of multiple transitions to the
resistive state was investigated. The amount of energy emitted during the test current pulse of 0.2 s
duration was determined. The limitation values of the voltage drop on the tape, which does not
cause accelerated degradation processes, were defined. The microstructural tests of cross-sections of
new HTS tapes subjected to prospective short-circuit currents were performed.

Keywords: superconducting tapes; superconducting fault current limiter

1. Introduction

Connecting new energy sources (especially renewable energy sources) to the existing
power system increases the short-circuit power at the point of their connection. As a
consequence, the prospective short-circuit currents may exceed the permissible short-
circuit strength of the installed network devices (circuit breakers, generators, lines and
cables, transformers, protection devices, etc.), and the conditions for maintaining system
stability may be even worsen [1,2].

An alternative to expensive modernization activities to increase the short-circuit
strength of power system components is the use of fault current limiters (FLC). The fault
current limiters can be classified as:

e Conventional devices/methods (e.g., series reactors, high impedance transformers,
Is-limiters, bus splitting [3,4]);
Non-superconductive FCLs (e.g., solid-state FCLs [5], saturable-core FCLs [6]);
Superconducting fault current limiters (SFCL) (e.g., resistive type SFCL, induction
type SECL [3,4,7]) [1,8,9].
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The most prospective device is the SFCL because its main advantages are fast response,
no need for additional/external control or fault detection signal, and no steady state
losses [3,4,7]. High-temperature superconductor (HTS) tapes are applied in SFCL. HTS is a
material characterized by zero resistance for a superconducting state, which gives near-zero
resistive losses or, in other words, reduces the energy losses significantly. This advantage
means that this material is used to construct cables [10-12], transformers [13-15], electrical
machines [16,17], and fault current limiters [18,19]; dozens of projects/applications have
been developed/tested for several decades. Modern HTS devices are expected to displace
some conventional ones in the future. However, to achieve this, the reliability of the
cooling system should be improved, and the cost of HTS should be lower [20]. In addition,
superconducting cables, transformers, and electrical machines should operate only in
the superconducting state—the ideal situation. Unfortunately, a short-circuit current can
jeopardize the proper operation of HTS devices (transition to the resistive state, very
high temperature), and such cases should be carefully analyzed. These devices should be
designed and/or protected to remain an appropriate functionality even during a fault. The
situation is different with a fault current limiter device, which is designed to transition
quickly to the resistive state (quenching) (during a short circuit) at a specific instantaneous
short-circuit current value, called the critical current I.

Some SFCL prototypes have been successfully tested in a real MV power system [4,18]
and even HV [19]. The literature describes the application of SFLC in many places of the
power system, such as:

e  Generator or transformer feeder, busbar coupling, and power plant auxiliaries. It
brings the following benefits: improvement in stability and circuit breakers, and
switchgear components do not need to be replaced [21];

e  DFIG-based wind turbine, virtual power plant. It brings the following benefits: im-
proved fault ride-through capability; the rotor side converter is protected against too
much current during any faults; and it helps to meet the grid code requirements [22-24];

e HVDC transmission system. It brings the following benefits: decreased short-circuit
current during faults at the DC side that significantly reduces stress on the converter
equipment [25,26];

e  DC circuit breaker. It brings the following benefits: limited DC fault current can be
interrupted by a circuit breaker [27,28];

e Energy storage and battery banks in microgrids. They bring the following benefits:
reduction in battery current during a fault and extended battery lifetime [29,30].

The task of the SFCL is to limit the short-circuit current to a value that allows the power
system equipment (e.g., breaker) to operate (PSP). The conditions for proper cooperation
of the limiter and power system protection require appropriate coordination of settings
to ensure adequate sensitivity and selectivity of protections [29-32]. In order to make the
correct selection of settings, it is necessary to know the parameters of the SFLC, in particular,
the critical current and the so-called limited current, i.e., the current value in the resistive
state after the time resulting from the protection activation time. The main issue (which
should be analyzed) is, therefore, the stability of the parameters of superconducting tapes
during operation (with repeated activation). If the SFLC parameters are changed during
operation, it may adversely affect the operation of the power system protection, and this
situation should be taken into account when selecting protection settings.

The SFCL uses second-generation (HTS 2G) high-temperature superconducting tapes
without a copper stabilizer [33]. There are few reports in the literature on the degrada-
tion of HTS tapes and changes in tape parameters resulting from the operation of HTS
devices. In [34], it was shown that multiple thermal quenching of the first generation (1G)
BSCCO/Ag HTS tapes intended for SMES leads to a drop in the critical current. In [35], the
dependence of the change in the critical current value of 1G Bi-2223 and 2G YBCO tapes
with a copper stabilizer resulted from heating them in a thermostatic chamber as a function
of time was examined. In [36], the correlation between degradation and delamination of
HTS tapes of the second generation (2G) with a stabilizer in the form of copper layers was
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investigated due to overcurrent impulses, which led to a change in the value of the critical
current. However, these tapes are not intended for SFCL applications. During the transition
of the HTS 2G tape from the superconductivity state with a current exceeding the critical
current of the HTS tapes, rapid thermal and dynamic processes occur, which can cause
microdamage to the tape structure, leading to the loss of its initial parameters. The course
of such processes is influenced by the parameters of the tape in the resistive state and the
method of cooling the tapes.

The article presents the study of changes in the parameters of 2G HTS tapes type CF
(intended for SFCL) caused by multiple transitions of HTS tapes from the superconducting
state by test current impulses (corresponding to different values of the prospective short-
circuit current).

The changes in the value of the critical current of HTS tapes were examined. The
values characterizing the HTS tapes in the process of limiting the short-circuit current
were determined: the surge current, the minimum value of the limited current, and the
voltage at the end of the test impulse, as well as the energy released in the HTS tapes
during the operation of the current impulse. A safe range of voltage drops per unit length
was established for the tested tapes, for which degradation of the tapes does not occur or
is negligible.

In addition, cross-sectional studies of superconducting tapes were carried out using
atomic force microscopy (AFM) and optical microscopy (OM) techniques. The tests aimed
to verify the morphological changes occurring in the tested tapes.

2. Characteristics of the Tested Materials

Measurements were made on tapes SF12100-CF (CF—cable formulation) with YBCO
ceramic superconductors dedicated for use in SFCL [33]. The tapes were made in thin-
layer technology, in which buffer layers, superconductors, and silver layers were applied
successively to a metal substrate—Hastelloy (Figure 1). The parameters of the tapes are
shown in Table 1. The structure of the buffer layers of the SF12100-CF tapes is shown in
Table 2 [37].

Stabilizer free

2 - 4 um silver overlayer

~ 0.2 pm buffer stack
100 pumn substrate (Hastelloy)
1l pm YBCO - HTS

Figure 1. The layer structure of HTS-2G SF12100-CF tapes [33].
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Table 1. Parameters of the tested tapes [33].

Tape SF12100-CF SF12100-CF
the thickness of the silver layer 4 pm 2 um
width 12 mm 12 mm
thickness 0.105 mm 0.105 mm
substrate thickness (Hastelloy) 0.1 mm 0.1 mm
minimum critical current Iy, (77 k) 312 A 281 A

Table 2. Structure of buffer layers in tapes SF12100-CF [33].

Buffer Layers Layer Thickness
alumina (Al;O3) ~80 nm
yttria YSZ ~7 nm
IBAD MgO ~10 nm
homo-epi MgO ~20 nm
LMO (LaMnO3) ~30 nm

Silver layers act as heat bridges, improving the thermal properties of the HTS tape and
its mechanical strength. Due to the different thicknesses of the silver layer, the HTS tapes
used for testing have different resistances at temperatures above the critical temperature.

Figure 2 shows the temperature characteristics of the resistance obtained for the tested
HTS tapes heated at room temperature in air.
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Figure 2. R(T) characteristics of the tested tapes.

For the HTS tape immersed in liquid nitrogen, the temperature of which in the resistive
state increases as a result of the current flow, the heat transfer takes place according to the
Leidenfrost effect and depends on the temperature difference between the sample surface
and liquid nitrogen and the processes occurring at their contact. This process has four
stages: natural convection, nucleate boiling, transition boiling, and film boiling [13,38], as
shown in Figure 3.
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Figure 3. The intensity of heat dissipation in liquid nitrogen as a function of the temperature
difference between the sample and liquid nitrogen [38].

3. Measuring System, Method, and Scope of Research
3.1. Measuring System

The measuring system shown in Figure 4 comprises a programmable voltage source
IT7626, current transformers, Rigol MSO 5074 digital oscilloscope, and a cryostat with
liquid nitrogen. The tape current was measured with the CP 1005 current probe. A
programmable voltage source with a power of 3 kVA generates voltage waveforms with
adjustable amplitude and frequency, enabling current waveforms. The method of mounting
HTS tape samples with a length of 10 cm is shown in Figure 5.

I I

Programable voltage
source [T7626

TOANAANASTT
—_— 1 kA current

TNV T Ty ransomer

Current probe

Ulnrs | current

probe
Cryostat| | HTS tape

current | A voltage

transfomers probe

cryostad with
liquid nitrogen

=

Dagital osciloscope

Figure 4. Scheme of the measuring system and measuring station.
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Figure 5. The tested SF 12100-CF tapes and their mounting method in the measuring holder.

3.2. Methods of Research

The prospective short-circuit current (I,) is the current that would flow in the consid-
ered circuit if the SFCL did not limit it. On the other hand, due to the HTS tape leaving the
superconducting state, the expected short-circuit current is limited. The highest possible
instantaneous value of the short-circuit current is the surge current (Ip,,). When limiting
the expected short-circuit current, due to the dynamics of the process of transition of the
tape to the resistive state, the surge current (Io,,,) may significantly exceed the value of the
critical current (Ic). This process takes place in a few milliseconds. During the operation of
the SFCL, there is a gradual increase in the voltage on the tape and a decrease in the current
value due to the increase in temperature and, thus, the resistance of the tape. As a result
of SECL operation, the current is limited to the value Ij;,,, and I;;;,, is the amplitude of the
current limited at the end of the test pulse; Uy is the maximum voltage on the HTS tape
at the end of the test impulse. Figure 6 shows the principle of short-circuit containment
by SECL.

S56A
| . J 282ns Al.18kA
3.98kAss

minimum
limited
current

Lomin

critical current /- = 281 A

HTS load current

voltage ~
|2 : 8

s (3) B.888s

Figure 6. The principle of short-circuit containment by SFCL.

3.2.1. Determination of the Critical Current of HTS Tapes

Critical current (Ic) values of HTS tapes provided by manufacturers are determined
with direct current forcing [39]. The method of determining the critical current with a
sinusoidal excitation with a frequency of 50 Hz is shown in Figure 7.
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Figure 7. Waveforms of current and voltage for the HTS tape: (a) sample in the superconducting
state; (b) sample in the resistive state.

The test sample was subjected to a test current pulse (I) of 100 ms duration. The critical
current (Ic) of the tested HTS tape samples was assumed to be the minimum value of the
test current amplitude initiating the sample’s exit from the superconducting state. The Ic
value was determined by gradually increasing the amplitude of the current I in the tested
sample. For test currents (I) lower than the critical current (Ic), the HTS current amplitude
had a constant value, and the voltage on the sample had a negligible value related to the
resistance of the junctions (Figure 7a). After the tape exited the superconducting state
(I > I¢c), the voltage on the sample increased and the current decreased (Figure 7b).

3.2.2. Determination of the Value of Surge and Limited Current and Voltage on the
HTS Tape

The HTS tapes were subjected to test current impulses with amplitudes significantly
exceeding the critical current value. Due to the transition of the HTS tape from the super-
conducting state, the expected short-circuit current was limited to the value of I;,;;,.

There was a gradual increase in the voltage on the HTS tape and a decrease in the
current value due to the increase in temperature and, thus, the tape resistance.

On the basis of the recorded waveforms, the characteristic values Iy, Lin, Umax, and
the energy released in the belt for various values of the test pulse were determined:

At &
E=—Y uuiy 1)
n n=1

where: E—the amount of energy released on the sample, At—impulse duration, u—
instantaneous voltage on the tape, i—the instantaneous value of the current, n—number
of samples.

3.3. Scope of Research

The tests were carried out for SF12100-CF tapes with silver layers of 4 pm and 2 pum.
The HTS tapes were subjected to test current impulses (corresponding to the value of the
prospective short-circuit current) with a duration of 0.2 s. The research was performed for
8 values of the prospective short-circuit current in the range from 675 A to 1170 A.

The research included:

e  Determination of the values characterizing the HTS tapes in the process of limiting
the prospective short-circuit current (lyay, Lyin) and changes in the critical current (I¢)
value occurring as a result of multiple transitions of the tapes from the superconducting
state. These values are important from the point of view of cooperation between SFCL
and system protection;



Appl. Sci. 2023,13, 4323

8 of 19

e  Determination of the voltage (U;ux) and energy E released in the HTS tapes during
the operation of the test current pulse for different values of the prospective short-
circuit current;

e  Testing changes in quantities that characterize HTS tapes in conditions of multiple
exposures to test currents;

e  Determination of the safe range of voltage drops per unit length for both tapes for
which the degradation of HTS tapes does not occur or is small;

e The above issues are important for determining the required length of the HTS tape in
SFCL, operating at a specific rated voltage, so that the voltage drops on the HTS tape
do not exceed the permissible values.

Additionally:
e  Microstructural tests showed changes in the HTS tape due to the current impulses

test. The cross-sectional surfaces of the tapes were examined using an atomic force
microscope (AFM) and an optical microscope (OM).

4. Experimental Results

As a result of the measurements, the results of Iy;4x, Lnin, Umax, and E were obtained
and are presented in Table 3.

Table 3. The value of the surge current Ip,;,x, the minimum value of the limited current I,,;,,, the
maximum value of the voltage on the sample Uy;qy, and energy E for HTS tapes SF12100-CF (4 um
and 2 um silver).

Prospective SF12100—4 pum Silver SF12100—2 pum Silver
Short-Circuit Current Icmin 77x) =312 A Icmin 77x) =281 A
Ip (A) I()max (A) Imin (A) umax (V) E (J) I()max (A) Imin (A) umax (V) E (J)
675 527.2 195.7 4.1 83.3 504.6 154.5 44 74.1
810 577.8 203.7 51 112.8 517.4 160.0 55 97.4
945 617.4 212.5 6.1 145.7 535.7 162.2 6.5 119.0
990 636.7 2222 6.4 158.5 545.3 163.7 6.8 129.1
1035 646.2 2222 6.8 169.8 552.3 167.8 7.2 137.4
1080 662.6 223.5 7.1 181.5 555.9 169.5 74 145.1
1125 667.9 228.1 7.4 193.3 562.7 172.2 7.8 154.3
1170 683.3 230.2 7.7 207.0 565.3 172.2 8.1 163.6

4.1. Study of Changes in the Value of Surge Currents as a Function of the Prospective
Short-Circuit Current

The prospective short-circuit current I, was limited due to the HTS tape transition
from the superconducting state to the value of the surge current Ily;,. The values of the
surge currents for the eight values of the prospective short-circuit current for the tested
HTS tapes are shown in Figure 8. The green line indicates the values of the prospective
short-circuit current (I,). With the increase in the value of the prospective short-circuit
current, the value of the surge current increased. The surge current reached lower values
for the SF12100-CF tape with a 4 pm silver layer (Figure 8).

The surge current (Igy,y) recorded on the samples reached values higher than the
critical current of the tested HTS tape (which is related to the dynamics of the process
of the tape transition from the superconducting state), which is shown in Figure 9a,b.
The exit of the tape from the superconducting state was indicated by the appearance of a
non-zero voltage value on the sample. The HTS tape transitioned to a resistive state, and
the resistance of the tape gradually increased as a result of the heating of the sample due to
the current flow (Figure 9). The prospective short-circuit current was limited and reached
the value of the surge current Ipy;,y.
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Figure 8. The value of the surge current (Ip,y) as a function of the expected short-circuit current (1)
for the tested HTS tapes.
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Figure 9. Example waveforms for the first period of test current pulses (AT = 20 ms) for HTS tapes:
(a) with a silver layer of 4 pm thickness and (b) with a silver layer of 2 um thickness.

Figure 10 shows changes in the resistance value of the tested HTS tapes during the first
20 ms. The dynamics of current and voltage changes on the sample can be related to the
sample cooling conditions in liquid nitrogen according to the Leidenfrost effect [38]. In the
initial phase of the HTS tape transition from the superconducting state, the heat exchange
between the tape and liquid nitrogen takes place by natural convection, which occurs at
small temperature differences between the HTS tape and the cryogenic liquid. After the
current reaches the Iy, value, the nucleate boiling phase begins. The temperature of the
tape increases, but at the same time, a very intensive heat transfer from the HTS tape to
nitrogen starts. A decrease in the current value and stabilization of the voltage value on the
tape are observed, while the resistance of the tape increases very slightly. Then, in a very
short period of time, there is a momentary increase in resistance (transition boiling). For
both HTS tapes, the current and voltage values stabilization was observed from about 8 ms,
corresponding to reaching the Leidenfrost point. The film boiling process begins with a
linear relationship between the heat flow from the tape to liquid nitrogen.
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Figure 10. Change in the resistance value (R) of the tested tapes during the first 20 ms.
4.2. Study of Changes in the Value of the Minimum Currents Limited as a Function of the
Prospective Short-Circuit Current

During the test impulse (0.2 s) duration, the prospective short-circuit current was
limited to the value I,,,;, (Figure 11).

240
220 (“__M
200 ,/(’
[Cx
180
~ 160 ~ A —rrT]
< ot |
< 140
120 O SF12100-CF (4 um Ag)
O SF12100-CF (2 um Ag)
100 ' I

600 700 800 900 1000 1100 1200
I, ()

Figure 11. The value of the minimum limited current (I,,,;;,) as a function of the expected short-circuit
current (I) for the tested HTS tapes.

The increase in resistance during the current pulse duration for the tested HTS tapes
is shown in Figure 12. In the resistive state, the silver layer mainly takes over the current
conduction [40]. The degree of limiting is determined by the resistance of this layer, which
justifies the higher value of the current limit for a tape with a thickness of 4 um. The change
in the resistance value over time and the value of the limited short-circuit current of HTS
tapes depends on the temperature of the tape and the intensity of heat transfer from the
tape to liquid nitrogen (Figure 3).
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4.3. Examination of Changes in Voltage Values and Energy Dissipated on HTS Tapes as a Function
of the Prospective Short-Circuit Current

At the end of the test impulse, the maximum voltage value (Uyay) is set on the sample.
During the duration of the test impulse, energy (E) is released on the tape. The maximum
values of voltage amplitudes (U,x) on HTS tapes as a function of the prospective short-
circuit current (I,) are shown in Figure 13. Slightly higher voltage values were recorded for
the SF12100-CF tape with a 2 um silver layer.

9
: pz=>
7 o fF
e
6 ==
25 ]
£ 4 &
: A
3
2 O SF12100-CF (4 um Ag)
1 O SF12100-CF (2 um Ag)
0 I I I
600 700 90 1000 1100 1200
L,(A)

Figure 13. The voltage value (Uyqx) on HTS tapes as a function of prospective short-circuit current ().

The values of energy (E) dissipated on HTS tapes as a function of the prospective
short-circuit current (I,) are presented in Figure 14. The energy (E) values released on the
samples of both HTS tapes are higher for the tape with a 4 um silver layer.
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Figure 14. The values of energy (E) dissipated on HTS tapes as a function of the prospective short-
circuit current (Ip).

Figure 15 shows the dependence of the energy released in the belt as a function of the
voltage set on the HTS tape (Uuax). As the voltage on the samples increases, the amount
of energy released increases. Due to the higher energy values and higher values of surge
currents for the HTS tape with a 4 pm silver layer, worse working conditions of this tape in
the resistive state can be expected. The tape heats up more as a result of the test current
impulses, which may result in a change in the tape parameters.

o
200
6@'

,@/6/ _or]
5™ @/ U/@,@
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100 — -]
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= O SF12100-CF (4 um Ag)
O SF12100-CF (2 um Ag)
0 | [ [
3 4 5 6 7 8 9
lInm.\' (V)

Figure 15. The dependence of the energy released in the tape as a function of the voltage set on the
HTS tape (Upax)-

4.4. Examination of Changes in the Critical Current of HTS 2G Tapes as a Result of the Repeated
Impact of Test Current Impulses

The tested HTS tapes samples were exited of the superconducting state by test current
impulses with values significantly exceeding the value of the critical current (I¢) of the
HTS tapes for 8 different values of the prospective short-circuit current. Between the test
current impulses, pauses allowed the system to return to thermal equilibrium and the state of
superconductivity. The value of the critical current (I¢) of the tested samples was measured
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for an unused sample (Icg) and then after 3 applications of the test current impulses and after
applications 10 and 25. According to the manufacturer of HTS tapes, the values of the critical
current (Icp) of new samples of HTS tapes may slightly differ, as was described in [33].

The results of critical current measurements for HTS SF12100-CF tape samples with
4 pm and 2 um silver as a function of the number of test current impulses activations for
3,10, and 25 transitions from the superconducting state are shown in Figures 16 and 17.
With the increase in the number of transitions from the superconducting state in the tested
samples, the value of the critical current decreased. The rate of degradation of the critical
current of HTS tapes depends on the value of the test current. For one of the samples of
HTS tape (with an energy of 206.99 | and a voltage drop of 0.77 V/cm), after 25 applications
of the test current impulse, the I¢ value dropped to 174 A.
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Figure 16. Dependences of the critical current value of the SF12100-CF tape with 4 um silver as
a function of the number of test current pulse activations for 3, 10, and 25 transitions from the
superconducting state.

During the tests of changes in the value of the critical current, the voltage drop values
were also recorded, and the value of the energy released in the HTS tape during the test
pulse was determined. The results are shown in Figures 18 and 19. For the tested HTS tapes,
a decrease in the value of the critical current was observed, increasing with the number of
exits of the tapes from the superconducting state.

For the HTS tape with a 4 pm silver layer, slight decreases in the value of the critical
current were observed for the test current pulses, for which the energy released on the
sample did not exceed 158.47 ] (Ic drop below 3% for 3, 10, and 25 activations of the
test current pulses). For the HTS tape with a 2 um silver layer, similar Ic changes were
observed at energies of 90.73 J. For higher energy values, the degradation process was more
noticeable. After 10 leads, the difference in the decrease in the critical current depending on
the thickness of the silver layer was clearly marked. At the highest energies, after 10 leads,
the 4 pum silver tape had a 7.55% decrease in I and 4.08% for the 2 um silver tape, and the
4 pm silver tape showed a 45.28% decrease in I after 25 leads (it should be assumed that
the tape has been damaged), while the 2 pm silver tape only decreased by 7.48%. For low
values of prospective current (energy dissipated in the HTS tape), changes in the value
of the critical current are negligible. This parameter degrades faster with the number of
current test operations for higher energy values, which means the progressing process of
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thermal aging of the HTS tapes. The process is much more intensive for the HTS tape with
a 4 um silver layer due to the lower resistance value of the silver layer.
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Figure 17. Dependences of the critical current value of the SF12100-CF tape with 2 um silver as
a function of the number of test current pulse activations for 3, 10, and 25 transitions from the

superconducting state.
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Figure 18. Decrease in the value of the critical current of the HTS 2G tape due to its transition from
the superconducting state with test current impulses after 3, 10, and 25 transitions for the HTS tape
SF12100-CF (4 um silver) without electrical insulation.

Based on the test results, it is possible to determine the permissible value of volt-

age drops for HTS tapes, at which I degradation does not occur or occurs only slowly.
Paper [41] presents a numerical model of the HTS tape SF12100, based on which the per-
missible value of voltage drops for a current pulse of 0.2 s duration is 0.47 V/cm. The
permissible value of voltage drops is an important design parameter that determines,
among other things, the minimum length of the tape used in the SFCL while ensuring the
safe operation of the device. In the paper [42], from the point of view of design assumptions,
the permissible value of the voltage drop was 1 V/cm.
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Figure 19. Decrease in the value of the critical current of the HTS 2G tape due to its transition from
the superconducting state with test current impulses after 3, 10, and 25 transitions for the HTS tape
SF12100-CF (2 um silver) without electrical insulation.

The HTS tape with a silver layer of 4 um thickness degrades very quickly above a
certain energy value; therefore, a safe voltage drop range of 0.55 V/cm can be assumed, at
which the drop in the critical current value does not exceed 3%.

4.5. Testing the Cross-Sectional Area of HTS Tapes

The Nanosurf Flex Axiom, atomic force microscope was used to assess the cross-
sectional morphology of the sample of HTS tapes. Measurements were made in a non-
contact mode using the NCLR probe by NanoWorld and the VHX-7100 optical microscope
by Keyence.

In order to conduct a microscopic examination, samples of the tested tapes were
embedded in epoxy resin and then polished (Figure 20).

Hastelloy

Ag

HTS tapes

Figure 20. THS tape sample intended for microscopic examination.

The results obtained with the use of an optical microscope indicate the presence of
local distortions in the form of bubbles in the superconducting layer and on the surface of
the tape from the superconductor side. Figure 21b shows one of several defects in the cross-
section of a superconducting tape embedded in epoxy resin. The possibility of distortions
during the sample preparation process should be ruled out as no such distortions were
observed in the control samples (Figure 21a).
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Figure 21. The images show cross-sections of tape samples obtained with an optical microscope:
(a) control sample (Lens: E500: x1500) and (b) sample subjected to surge currents (Lens: E500: x700).
The corresponding topographic maps are presented below (c,d).

For a more detailed analysis of defects in the samples subjected to the surge currents,
measurements were carried out using the AFM technique, which is shown in Figure 22. In
the topography image (Figure 22a), the profiles are marked with red lines, the curves of
which are shown in Figure 22b. Profile lines guided through two areas within the defect.
Due to different thermal expansion coefficients, the superconducting layer is below the
Hastelloy, silver, and resin layers in both cross-sections. However, it is noteworthy that
there are specific depressions in a part of the superconducting layer (marked with a blue
arrow), which may be material losses in the superconducting layer.

The microscopic examinations showed the existence of bubble-like changes formed on
the HTS tapes due to the impact of currents in the layers of silver and superconductor. They
were observed in all samples subjected to the surge current. Control samples showed no
such changes. At the same time, no differences were found at the superconductor-Hastelloy
boundary, and no changes in the silver layer and the silver-Hastelloy boundary on the
other side of the tape. This may indicate that the reasons for the changes are processes
taking place in the superconductor, which require further research and analysis.
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Figure 22. AFM image of the HTS tape sample subjected to surge currents along with the cross-section

in the place marked with red lines 1 and 2.

The bubble-type microdamage may be areas that initiate damage to the THS tape,

affecting the change in the value of the critical current of the tape and the need for a faster
replacement of superconducting elements in the SFCL or the entire device. Determining
the degradation mechanisms of HTS tapes is essential from the point of view of the correct
operation and lifetime of the SFCL and requires further research.

5. Conclusions

In HTS tapes subjected to multiple test current pulses (corresponding to the values
of the prospective short-circuit current), the value of the critical current decreases
depending on the number of transitions from the superconducting state.

The value of the critical current of the HTS tapes decreases with the increase in the
value of the test impulse.

Measurements of the energy released in the sample during the operation of the test
impulse allow us to determine the permissible range of energy and voltage drops
that practically do not change the value of the critical current or do not exceed the
permissible values from the point of view of cooperation between the SFCL and the
system protection.

HTS tape with a silver layer of 4 um thickness degrades very quickly above a certain
energy value; therefore, a safe voltage drop range of 0.55 V/cm can be assumed, at
which the drop in the critical current value does not exceed 3%.

Decrease in the value of the critical current of the HTS tape due to multiple occurrences
of a short circuit in the SFCL system should be considered at the design stage. It should
be controlled during the operation of the SFCL.

Morphological studies reveal that HTS tapes subjected to test current impulses (corre-
sponding to the values of the prospective short-circuit current), causing their exit from
the superconducting state, and show microdamage occurring in the superconducting
layer and the boundary layer between the superconductor and silver in the form of
bubbles, which may cause degradation.

The observed microstructural changes in HTS 2G tapes due to the effect of test currents
on the parameters of HTS tapes require further research and analysis. Future research
will include an extension of microstructural studies and statistical studies.
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