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Zusammenfassung

Aufgrund ihrer hohen Stromdichte, ihres guten Feldverhaltens und ihrer mech-
anischen Festigkeit werden Hochtemperatursupraleitern (HTS) in Form von
beschichteten Bandleitern auf Seltenerdbasis fiir Groanwendungen wie Trans-
formatoren, Magnete und Elektromotoren vorgeschlagen. Diese beschichteten
Leiter weisen jedoch aufgrund ihres hohen Aspektverhéltnisses mit einer Bre-
ite von mehreren Millimetern und einer Dicke in der Gréenordnung von 1 pm
groe Wechselstrommagnetisierungsverluste auf, was ihre Verwendung in diesen
Leistungsanwendungen behindert.

Ein tiblicher Weg zur Verringerung der Wechselstromverluste von beschich-
teten Leitern besteht darin, den Supraleiter in schmale Filamente zu un-
terteilen. Die Laserablation ist eine der am haufigsten verwendeten Meth-
oden zur Herstellung von Filamenten, jedoch wird dieser Prozess durch die in
Leistungsanwendungen benétigte ausreichend dicke Kupferstabilisierung der
Supraleiter erschwert. Der beste Weg um Filamente in kupferstabilisierten
beschichteten Leitern herzustellen, wird noch entwickelt.

Der Schwerpunkt der Arbeit liegt auf zwei Themen. Das erste ist die Unter-
suchung der Herstellung von Filamenten auf kupferstabilisierten beschichteten
Leitern, wobei die Filamente nach oder vor der galvanischen Beschichtung des
Bandes erzeugt werden. In der gesamten Arbeit werden die mit diesen bei-
den Ansétzen hergestellten Proben als “Striated After Electroplating” (SAE)
und “Striated Before Electroplating” (SBE) bezeichnet. Untersucht werden
Proben mit unterschiedlicher Filamentanzahl (10 bis 60) und Kupferdicke
(5pm und 10pm). Das zweite Thema ist die Anwendbarkeit der Filamen-
tisierung zur Reduzierung der Wechselstromverluste von Kabeln, insbeson-
dere der CORC®- und RACC-Kabel, die mit filamentisierten HTS-Béandern
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Zusammenfassung

hergestellt werden.

Die Wechselstromverluste werden fr Bander mit der kalibrierungsfreien
Methode gemessen und fiir Kabel mit der kalorimetrischen Methode, die fiir
die Untersuchung von HTS-Béandern und -Kabeln geeignet sind. Beide Meth-
oden arbeiten bei 77K in einem weiten Frequenzbereich des externen Mag-
netfeldes, wodurch der Beginn der Kopplungsstrme und die Bedeutung der
Kopplungsverluste bestimmt werden konnen. Erginzende Gleichstrommes-
sungen des Querwiderstands zwischen Filamenten helfen, den Pfad der Kop-

plungsstrome zu verstehen.

Dank der Vielzahl der getesteten Proben und Betriebsbedingungen bietet
die vorliegende Arbeit einen direkten Vergleich der beiden Filamentprozesse in
handelsiiblichen HTS-Bandleitern. Bei Béandern hilft die Filamentisierung, die
Wechselstromverluste zu verringern, und je hoher die Anzahl der Filamente
desto geringer sind die Wechselstromverluste. Die Verlustreduzierung héngt
jedoch stark vom Prozess des Filamentierens und von der Dicke des Kupfers
ab. Bei den Wechselstromverlustsmessungen mit hoheren Frequenzen wurde
angenommen, dass ein Pfad vorhanden ist, auf dem die Kopplungsstrome
leicht flieen konnen. Dies wurde durch SEM-Bilder und durch Querwider-
standsmessungen bestétigt. Bei beiden Filamentprozessen (SAE und SBE)
ermoglicht eine diinnere Kupferschicht eine effektivere Verringerung der Wech-
selstromverluste und eine Begrenzung der Kopplung. Die Verwendung von
SAE-Bandern in Anwendungen kann durch Delaminierungsprobleme erschw-
ert werden. Weitere Untersuchungen zu diesem potenziellen Problem sind
daher erforderlich. Wenn man jedoch die Komplexitét und Dauer der beiden
Prozesse und die Ergebnisse der Wechselstromverluste berticksichtigt, scheint

der SAE-Prozess die bevorzugte Option zu sein.

Die Verwendung von Filamenten reduziert auch die Verluste von CORC®-
Kabeln. Die Verlustreduzierung von CORC®-Kabeln war jedoch geringer
als die fiir einzelne filamentisierte Bénder. Dies ist wahrscheinlich darauf
zuriickzufithren, dass die inneren Schichten durch die dueren Schichten ab-
geschirmt sind. Die Wechselstromverluste wurden bei dem aus filamentisierten
Teilleitern hergestellten RACC-Kabel leicht reduziert. Diese Tatsache ist auf

die Filamentgeometrie des RACC-Kabels zuriickzufithren. Das Filament, das
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Zusammenfassung

sich an einer der Kanten des Teilleiters befindet, geht bei der Hélfte der Trans-
positionslnge nicht zur gegeniiberliegenden Kabelkante. Die Wechselstromver-
luste von CORC®- und RACC-Kabeln mit #hnlichem kritischen Strom zeigen,
dass die CORC®-Kabel fiir einen bestimmten angelegten Strom geringere
Wechselstromverluste aufweisen als die RACC-Kabel. Dies erklart sich aus
der Tatsache, dass die Teilleiter des RACC-Kabels einem senkrechten Mag-
netfeld ausgesetzt sind, wihrend die des CORC®-Kabels einem Feld mit ver-
schiedenen Ausrichtungen ausgesetzt sind. Wenn die Verluste jedoch durch
die Stromdichte des Kabels geteilt werden, weisen die RACC-Kabel geringere
Wechselstromverluste auf. Dies erklart sich aus der Tatsache, dass der for-
mgebende Kern, der in CORC®-Kabeln zum Aufwickeln der Bénder verwen-
det wird, die technische Stromdichte verringert. Wenn der Durchmesser dieses
Kerns verringert werden kann, kann das CORC®-Kabel wettbewerbsfihig wer-

den.
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Abstract

Large scale applications such as transformers, magnets, and electric motors are
being proposed with high-temperature superconductors (HTS) in the form of
rare earth-based coated conductors thanks to their high current density, good
in-field behavior and mechanical strength. However, these coated conductors
have large AC magnetization losses because of their high aspect ratio between
the width (typically 4-12 mm) and the thickness (order of 1 um), which hinders
their use in those power applications.

A common way of reducing the AC losses of coated conductors is by stri-
ating the superconductor into narrow filaments. Laser ablation is one of the
most used methods for making filaments. However, superconductors in power
applications need a sufficiently thick copper stabilization and the best way
of introducing filaments in copper-stabilized coated conductors is still to be
found.

This thesis focuses on two topics. The first is the investigation of pro-
ducing filaments on copper-stabilized coated conductors, with striations made
after or before electroplating the tape. Throughout the thesis, the samples
produced with these two approaches are called Striated After Electroplating
(SAE) and Striated Before Electroplating (SBE). Samples with different num-
bers of filaments (from 10 to 60) and copper thicknesses (5pm and 10pm)
are investigated. The second topic is the applicability of the striations for
reducing the AC losses of cables, in particular the CORC® and RACC cables,
which are made with HTS striated tapes.

The AC losses are measured with the calibration-free method for tapes
and calorimetric method for cables, which are adapted for the investigation

of HTS tapes and cables. Both methods operate at 77K in a wide range of
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Abstract

frequencies of the external magnetic field, which allows determining the onset
of coupling currents and the importance of the coupling losses. Complemen-
tary DC measurements of the transverse resistivity between filaments help to

understand the path of the coupling currents.

Thanks to the variety of tested samples and operating conditions, the
present work provides a direct comparison of the two striation processes in
commercially available HT'S coated conductors. For tapes, making filaments
helps reduce the AC losses and the AC loss reduction is higher with higher
number of filaments. However, the loss reduction strongly depends on the
striation process and on the copper thickness. The presence of a path where
the coupling currents can easily flow was supposed, when higher AC losses were
measured with higher frequencies, and was confirmed by SEM images and by
transverse resistance measurements. For both striation processes (SAE and
SBE), a thinner copper layer allows reducing more effectively the AC losses
and limiting coupling. The use of SAE tape in applications can be hindered
by delamination problems. Further investigations on this potential problem
are therefore necessary. But if one considers the complexity and duration of
the two processes and the AC loss results, the SAE process seems to be the

preferable option.

Using filament reduces the losses of CORC® cables as well. However, the
loss reduction of CORC® cables was smaller than that measured for single
striated tapes. This can probably be ascribed to the fact that the inner layers
are shielded by the outer layers. The AC losses were only slightly reduced
with the RACC cable made by striating strands. This is due to the filament
geometry on the RACC cable. The filament that is located on one of the
edges of the strand does not go, at the half of the transposition length, to
the opposite cable edge. The AC losses of CORC® and RACC cables with
similar critical current show that, for a given applied current, the CORC®
cables have smaller AC losses than the RACC cables. This is explained by the
fact that the strands of RACC cable are exposed to a perpendicular magnetic
field whereas those of the CORC® cable are exposed to a field of various
orientations. However, if the losses are normalized by the cable’s current
density, the RACC cables have smaller AC losses. This is due to the fact that
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the former used in CORC® cable to wind the tapes reduces the engineering
current density. In addition, if the diameter of the former is reduced, then the

CORC® cable can become competitive.
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1 Introduction, Motivation and Out-
line of Work

Rare earth-based coated conductors are currently the most promising high-
temperature superconducting tapes by virtue of their high current
density, in-field behavior and mechanical strength. Numerous large scale ap-
plications, which include power cables [MSB™ 07|, fault current limiters [NSO7,
HAHN17], and magnets [HKK™ 19| for different uses [HHJ " 04], are being pro-
posed, with coated conductors as basic current-carrying element.

One of the problems which still hinders the widespread use of HT'S coated
conductors is their relatively high AC losses, which constitutes a serious refrig-
eration burden [ARZH"11,/Ain19|. This dissipation occurs in superconductors
not only when they work in purely AC conditions (like in AC power cables or
in transformers), but every time there is a time-variation of the magnetic field.
As a consequence, even superconducting magnets operating in DC might be
affected by the “AC loss problem” when they undergo current ramps for charg-
ing and discharging. AC ripples, i.e. small oscillations of otherwise constant
currents or fields, are also a source of dissipation.

HTS coated conductor are particularly prone to developing high AC losses
because of the very high ratio between the width (in the order of several
mm) and the thickness (in the order of 1pm) of the superconducting layer.
This very high aspect ratio makes the magnetization losses — i.e. the losses
caused by an external magnetic field — particularly high when the field is
oriented perpendicular to the flat face of the tapes. Here is an example to
understand the involved numbers and orders of magnitude. A 12mm wide

coated conductor, with critical current of 350 A (in self-field at 77 K, similar to
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1 Introduction, Motivation and Outline of Work

the coated conductors considered in this thesis), subjected to a perpendicular
magnetic field of 20 mT (which is a very modest amplitude) at 50 Hz generates

a power dissipation of about 1 Wm™!.

One has to keep in mind that real
applications (like transformers) require long lengths of superconductor tape
and that this dissipation occurs at cryogenic temperature, which gives very
high penalty factors. On top of this, one has to keep in mind that the efficiency
with which such heat is removed from a cryogenic temperature (e.g. with the
use of cryocoolers) is far from ideal, which further amplifies the penalty factor
by which the AC loss value must be multiplied. This refrigeration burden can
become so large as to completely cancel all the benefits coming from using

superconducting technology.

In the particular case of coated conductors, we have already mention that
the high AC losses are principally caused by the presence of a time-varying
magnetic field perpendicular to the flat face of the tapes. In some cases it
is possible to design the applications in a way that such field component is
cancelled or at least minimized (e.g. with the use of flux diverters). However,
this is not always possible in practice, and one has to find solutions to reduce

the losses modifying the geometry or configuration of the HT'S conductor.

A method for reducing the AC losses of coated conductor is by dividing
the width of the tape into filaments. For a flat and very thin superconductor,
the magnetization losses in perpendicular field scale with the square of the
superconductor. So, by making N filaments, the losses can be reduced by a
factor N [GK16]. This is only true, however, if the filaments are electrically
uncoupled, i.e. if the cuts produced by the striation process are sufficiently
“clean” so that the current cannot flow from one filament to the other. Un-
fortunately, this is difficult to realize in practice, especially if the HTS coated
conductor needs to have an additional layer of copper on top for stabilization

purposes.

The first main goal of this thesis is the investigation of different strategies
for obtaining uncoupled filaments in HT'S coated conductor with copper sta-
bilization. In particular, it aims at determining whether it is better to striate
the tapes before or after depositing the copper layer. The influence of the

thickness of the copper stabilization is investigated as well.
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The second goal of this thesis is to assess the applicability of the stria-
tion process to larger cables made of HTS coated conductor: in particular
the CORC® and the RACC cables. These two cable types are characterized
by having transposed strands, which is a necessity in order to avoid strand
coupling at the terminals where the current is injected. CORC® and RACC
cables made of striated coated conductors are investigated in terms of AC
losses caused by the simultaneous presence of an AC transport current and an
AC external magnetic field.

The thesis is organized in different chapters, as follows.

Chapter [2] recalls some fundamentals of superconductivity and discusses
the different types of AC losses. Chapter [3| shows the preparation of HTS
tapes and cables that were measured for this work and also how the AC losses
were measured with respect to the type of sample (tape or cable). The max-
imum current that a superconductor can carry is one of parameters of su-
perconductor that is important to know. This current called critical current
depends strongly on the magnitude and the orientation of the magnetic field.
Chapter [4 describes the experimental method to measure it as well as the
measurement results of several HTS tapes and cables. Chapter [f] shows the
investigation of the applicability of the laser ablation technique for producing
copper-stabilized filamentized tapes. Also in this chapter the reduction of AC
magnetization losses in coated conductors where the filaments are produced
before and after the deposition of the copper is investigated. On the other
hand the applicability of striations as means to reduce AC losses in HTS ca-
bles is investigated in chapter [} Finally, conclusion and results of this work

are presented in chapter [7]






2 Fundamentals and AC Losses in Su-

perconductors

This chapter recalls some fundamentals of superconductivity and introduces

the AC losses in tapes and cables[]

2.1 Fundamentals of Superconductivity

2.1.1 Zero Resistance and Meissner Effect

The phenomenon of superconductivity was discovered by the Dutch physicist
Kamerlingh-Onnes in 1911 after he had managed to liquify helium three years
earlier. While measuring the electrical resistivity of mercury as a function of
temperature, he observed that the electrical resistivity of mercury suddenly
dropped to an unmeasurable value at around 4.2 K, see Fig.

Metals such as aluminum, lead, mercury, tin, titanium become supercon-
ducting, when they are cooled down below a specific temperature. The tem-
perature is therefore strongly linked to the superconducting phenomenon. This
specific temperature which defines the transition of the superconducting state
to the normal state of the material is called the critical temperature T.. The
critical temperatures of some superconductors are listed in table One
can note that copper, silver, and gold are excellent electrical conductors at
room temperatures, but they do not exhibit superconductivity, whereas some
insulating material do.

Due to the absence of resistance below the critical temperature, a current

'For this chapter, text from the following sources was used: [Rey15|, [Ope], [SMMO3].
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induced in a superconducting loop is able to flow indefinitely in the material.
These persistent currents have been observed to flow without any observable
decay several years, which proves that the resistance is either zero or extremely
small (lower than 10725 Qm). These persistent currents are employed in

certain applications, such as [MRI] magnets.

Another important characteristic of superconductors was discovered by
Meissner and Ochsenfeld in 1933. They discovered that the magnetic field is
expelled from inside the superconductor. Thus the magnetic field inside the
superconductor is canceled by screening currents appearing on the surface of
the superconductor. The same state of magnetic field equal to zero is achieved
whether the field has been applied before or after the material has been cooled
below its critical temperature. Figure shows this phenomenon — called

Meissner effect — for a sphere.

The Meissner effect exists only up to a maximum critical field B, which
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Figure 2.1: Discovery of the superconductivity (H. Kermerlingh-Onnes, 1911: resis-

tance of mercury versus temperature).



2.1 Fundamentals of Superconductivity

Table 2.1: Values of the critical temperature T and critical magnetic field B.(0) at
0 K for various type-I superconductors. Source: [SMMO5].

Superconductor T (K) B.(0) (T)

1.20 0.0105
1.08 0.0058
4.15 0.0411
3.41 0.0281
9.26 0.1991
7.19 0.0803
3.72 0.0305
4.47 0.0829
0.39 0.0100
Tungsten (| 0.02 0.0001
Zine ([Zx) 085  0.0054
AAAAAAAAAA A ‘f 4& A
Ba Ba
AT
Coolin
(B=Bg ) | | =229
NV )
Screening
current
T>T, T<T,

Figure 2.2: Meissner effect: expulsion of the magnetic flux inside a superconductor,

due to the onset of screening current.
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decreases with increasing temperature, approximately as follows:

()

where B.(0) is the value of the critical field at zero temperature. It is thus

Bo(T) = Be(0) (2.1)

possible to change the state of the sample from the superconducting state into
the normal state not only by increasing its temperature, but also by subjecting
it to a magnetic field higher than the critical field B..

Values of the critical field for various metals are referred in Table 2.1l One
can note that the critical field values are quite low and can be easily reached
in simple coils. This is why the first attempts of building superconducting
coils failed.

The existence of a critical magnetic field B, indicates that there is also a
maximum current the superconductor can carry. For example, the currents
in a round aluminum wire of radius 1mm cooled at 0K (B. = 0.0105T)
that make the superconductor loses its superconducting state are larger than
I. =27rB./pup = 52.5 A. So this maximum current depending of the applied
field and the temperature is called the critical current I.. This definition of
critical current is known as Silbsee’s rule and works well for pure elemental
superconductors. However, as it will be discussed later, practical supercon-
ducting wires are made of alloys and compounds. Their critical current is
determined by the presence of various types of crystal lattice defects and inho-
mogeneities in the material, which pin the magnetic flux lines thus preventing
them to move and cause dissipation, and is therefore different from the simple
estimation of Silbsee’s rule.

In summary, a superconductor has three critical parameters: the critical
temperature T¢, the critical magnetic field B, or the critical current I.. These
define a critical surface as shown in fig. which defines the limits within

which the material is in the superconducting state.

2.1.2 Type-1 and Type-11 Superconductors

For many years it was thought that the magnetic behavior described above

was applicable to all superconductors. In 1957, Alexei Alexeyevich Abrikosov
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2.1 Fundamentals of Superconductivity

published a theoretical paper regarding another class of superconductors with
different properties [Abr57]. These were later named type-II superconductors,
to distinguish them from the conventional ones, which were then named type-I

superconductors

Type-II superconductors are characterized by two critical magnetic fields,
denoted as B¢ and B¢ and shown in Fig When the external magnetic field
is less than the lower critical field B.;, the material is entirely superconducting
and there is no flux penetration, as with type-I superconductors. For fields
between B.; and B.o, the material is in a mixed state, also called vortex state.
This name is given because, in this state, super-current vortices are created.
In the mixed state, the magnetic field penetrates partially into the material

in the form of vortices as shown in Fig. These vortices are small tubular

normal stateé

Figure 2.3: The critical surface given by the critical temperature 7t, the critical mag-
netic field B, and the critical current I, forms the limit between the superconducting

and normal phases.
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regions, each containing one quantum of flux:

Py = % =2.068 x 107 15Tm? (2.2)
where e is the electronic charge and h the Planck constant. When the external
field exceeds the upper critical field B¢ the flux penetrates completely and
the superconducting state is destroyed, just as for type-I superconductors.

Table gives some values of the critical temperature and the critical
magnetic field Beo at 0K for several type-1I superconductors. The values of
By are very large in comparison with those of B, for type-I superconductors.
For this reason, type-II superconductors are well suited for the construction
of high-field superconducting magnets and other applications.

At the boundary between the normal and the superconductor state, the
number density of superconducting electrons does not reach instantly its finite
value, but it goes softly over a characteristic length &, the coherence length.
This latter is an important parameter in order to differentiate type-I and
type-II superconductors. The criterion for distinguishing type-I and type-I1
superconductors is given by the ratio known as Ginzburg-Landau parameter,
k= A€ A superconductor is type-I for k < 1/4/2 and type-II for x > 1/v/2.

As mentioned in [SMMO5| “the coherence length and penetration depth

both depend on the mean free path of the electrons in the normal state. The

Normal state

Normal state

Mixed state

Superconducting state

Superconducting state

TC TI' Tc ?r

(a) Type-I superconductors. (b) Type-1I superconductors.

Figure 2.4: Critical magnetic field as a function of temperature for: (a) type-I super-

conductors, (b) type-II superconductors.
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2.1 Fundamentals of Superconductivity

Table 2.2: Values of the critical temperature T, and critical magnetic field By at 0K
for various type-II superconductors. Source: [SMMO05|.

Superconductor T (K) B.(0) (T)

18.7 324
18.0 24.5
23.0 38.0
9.3 15.0
14.4 60.0

mean free path of a metal can be reduced by the addition of impurities to the
metal, which causes the penetration depth to increase while coherence length
decreases. Thus one can cause a metal to change from type-I to type-1I by
introducing an alloying element”.

Type-I superconductors consist mainly of metals and non-metals that show
some conductivity at room temperature, such as lead , mercury , tin
(Snf), indium , and aluminum (Al). Type-II superconductors consist of
metallic compounds and alloys, except for the elements vanadium, technetium

and niobium. These type-II superconductors include some [LTS] the high tem-

transport current j

background magnetic field A Lorentz force F;,

Figure 2.5: Schematic illustration of the mixed state, with the magnetic flux pene-
trating in the form of quantum vortices. When a transport current is additionally

applied, the votices experience a Lorentz force that tends to move them. Source for

the figure: .
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2 Fundamentals and AC Losses in Superconductors

perature superconductors (HTS) and the magnesium diboride (MgBs)). The
border between the two groups is 30 K, which is the limit predicted by the

classic microscopic theory of superconductivity developed by Bardeen-Cooper-
Schrieffer. This manuscript focuses on HTS materials, in particular REBCO]

tapes.

2.1.3 Flux Pinning and Macroscopic Currents

In type-II superconductors in the mixed state there is an interaction between
the current and the ‘tubes’ of magnetic flux that thread through the normal
coreSE| The electrons will experience a Lorentz force, perpendicular to both
the current density and the magnetic field. One can regard this as a mutual
interaction between the electrons and the flux in the normal cores, as a result
of which each normal core experiences a force that tends to move them, as
shown in Fig. and that causes energy dissipation.

This is avoided thanks to the presence of imperfections in the superconduc-
tor material, which effectively pin the normal cores in position - they provide
a potential barrier to motion of the cores, so that the force on the cores must
exceed a certain value before the cores can move. These pinning centers can
also be artificially added. The more of these flux pinning centers that are
present, and the greater the potential barrier they provide, the greater will be
the current required to set them in motion, i.e. the greater the critical current.

The macroscopic behavior of type-II superconductors with strong pinning
forces (also known as “hard” superconductors) is well described by the Bean
model, proposed by C. P. Bean in 1962 [Bea62].

The basic principles can be understood by considering an infinitely long
bar of superconducting material, subjected to a magnetic field applied along its
longitudinal directionE| A transversal cross-section is represented in Fig.
The magnetic flux penetrates in the form of quantized vortices. This penetra-
tion creates a (spatial) gradient of magnetic flux: consequently, by Ampere’s

law V x B = ugJ, a current must flow perpendicular to the flux lines. The

This part is taken from  https://www.open.edu/openlearn/science-maths-

technology/engineering-technology/superconductivity /content-section-4.3
3This is nicely described in [Rey15] and here we report the same example.
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2.1 Fundamentals of Superconductivity

local currents do not cancel out and a net local current flows inside the mate-
rial. In the particular case shown in Fig. the currents form a loop (blue
arrows), which creates a magnetic moment opposing the applied field. As long
as the average slope of the flux front dB/dz exceeds pgJ., the Lorentz force
pushes the flux lines out of the pinning “hole”: the flux front advances, and
the flux gradient correspondingly decreases. The process continues and stops
only when dB/dz = pugJc, i.e. when the potential energy associated with
the pinning centers equals the Lorentz force. If the amplitude of the applied
field is increased, more flux lines enter the material and the front advances
and stabilizes a little bit further inside the superconductor, but the slope of
the front is still equal to ppJe. Also a gradient in the density of vortices is
reluctant to any rearrangement. Thus, once a[DC]| current is established in a
hard superconductor, it will persist also after switching the driving voltage off

(resistance-less circulation of an electrical current). However, in AC regime

Type-ll superconductor

OOOOOOOO0
A GG G G

O

o

s
s

O G G Gy
CroOCooO00

Macroscopic
Quantized vortices diamagnetic current

OO

CIC)

Figure 2.6: Two-dimensional cross-section of an infinitely long rectangular bar of hard
superconductor, with schematic illustration of the currents induced by a magnetic field

applied along the length of the bar (out of the page). Adapted from |Rey15|.
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2 Fundamentals and AC Losses in Superconductors

the vortices must move to follow the change of the magnetic field: the pin-
ning force represents an obstacle and superseding it is an irreversible process:
ramping an external magnetic field up and reducing it to zero leaves some
magnetic flux trapped in the superconductor [GPS™14].

During a time-dependent variation of the magnetic field (like an cy-
cles), there is a movement of magnetic flux inside the superconductor. On
the microscopic scale, the vortices have to move to follow the excitation, in
this case given by the time-varying magnetic field. This causes dissipation,
which is called the hysteresis loss in hard superconductors. This dissipation
is of great practical importance, because many superconducting applications
operate in situations where there is a time-varying magnetic field (produced
by an external source and/or by the current flowing in the superconductor).

[AC] power applications are a typical case.

2.1.4 High Temperature Superconductors (HTS)

For long time it was thought that, according to the [BCS| theory, 30 K marked
the limit for the existence of superconductivity. Things changed dramatically
in 1986, when Bednorz and Muller discovered the |Ba — La — Cu — O] system
(BayLas_xCus05(3_y)), for which they were conferred the fastest Nobel Prize

ever awarded. The so-called high-temperature superconductors are layered
materials characterized by copper oxide planes and have critical temperatures
of over 100 K. [HTS| are generally defined as superconductors with a 7, higher
than around 23-30K (30K is the upper limit allowed by BCS theory, 23 K
is the 1973 record that lasted until copper-oxide materials were discovered).
(YBagCuzOr) is the most famous of these and was discovered by
Paul C. W. Chu and M.-K. Wu in 1986 and 1987, respectively. It was the first
superconducting material above 77 K, the boiling point of liquid nitrogen, and
has consequently paved the way for a much broader range of practical appli-
cations. All other materials discovered before this became superconducting
at temperatures near the boiling points of liquid helium or hydrogen (4.2K
and 20 K, respectively), which are both more expensive and difficult to obtain
than liquid nitrogen. The crystal structure of YBCO is highly anisotropic,
with much higher conductivity within the than perpendicular to the

14



2.1 Fundamentals of Superconductivity

planes. Thus, super-currents flow only within the CuOg2 (a-b) planes, mean-
ing the trapped field generated by these super-currents is directed along the

c-axis.

The passing between the mixed state and the normal (non-superconducting)
state is not as sharp as it appears in fig. due to thermal effects. Due
to thermal agitation, some vortices can unpin from the pinning centers, move
under the action of the Lorentz force and cause some dissipation. The result is
that a small finite resistance is observed even at sub-critical currents: for ex-
ample, in the current-voltage characteristics, the transition to the normal state
is relatively smooth. This phenomenon is called flux creep and mainly affects
high-temperature superconductors, due to the relatively high operating tem-
peratures [Reyl5]. Above a certain temperature flux creep raises to extreme
levels and the flux line lattice “melts”, causing a transition into a liquid-like
state often called the vortex liquid. In this state, magnetic irreversibility is no
longer possible and critical current density disappears. This melting tempera-
ture depends strongly on the flux density, so that an irreversibility line arises
in the B-T plane and defines the practical range of usability of a superconduc-
tor. In some cases, like copper-oxide high-temperature superconductors, the
irreversibility field depends dramatically on the orientation of the magnetic

field and is considerably lower than the upper critical field.

There are several companies such as American Superconductor ,
SuperPower, SuperOx and THEVA that supply long lengths of REBCO-based
HTS tape/wire. The manufacturing techniques differ between them, which
results in a different configuration for the final product. It is only in recent
years that long lengths of wire has been available commercially, which has
made it possible to wind coils and cables for large scale applications, such as
electric machines, superconducting magnetic energy storage systems
and transformers. AMSC’s approach to manufacturing REBCO-based HTS
wire is based on the [RABITS)[MOD] (rolling assisted bi-axially textured sub-
strate/metalorganic deposition) technology. The buffer layers (a 75 nm
seed layer, a 75nm barrier layer and a 75nm cap layer) are de-
posited by high-rate reactive sputtering onto a metal alloy substrate,
and the rare earth doped YBCO is coated onto the buffered substrate. The
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2 Fundamentals and AC Losses in Superconductors

REBCO is capped with an Ag layer, then oxygenated, and laminated between
two metallic stabilizer strips, currently either brass or copper. SuperPower’s
approach is based on the IBAD|/MOCVD)| (ion beam assisted deposition/metal

organic chemical vapour deposition) technology, which involves sputtering a

stack of buffer layers to introduce the bi-axial texture for the YBCO layer,
which is deposited using MOCVD. A thin cover of silver is then sputtered to
provide electrical contact. Depending on the application, this is then electro-
plated to completely surround the wire. These two kinds of REBCO-based
HTS wire are referred to in this manuscript and the samples used for testing
are from SuperOx and SuperPower wire. In this work, the terms wire, tape
and coated conductor are used interchangeably. The large aspect ratio of the
tape and its crystalline structure makes this type of superconductor highly
anisotropic and the tape performance is affected greatly by magnetic fields

perpendicular to the tape’s wide face, i.e. perpendicular to the a-b plane.

2.2 AC Loss Mechanisms in Superconductors

Superconductors do not exhibit dissipation when they carry [DC| current and
below their critical parameters, but when they carry current and/or are
subjected to AC magnetic field they do.

Type-II superconductors consist of several materials, including metallic

and sometimes magnetic parts, which lead to different types of [AC] losses.

2.2.1 AC Loss Contributions in Coated Conductors Tapes and
Cables

When a superconductor tape or cable is subjected to time-varying magnetic
field, dissipative phenomena take place. Different types of losses can be dis-

tinguished, as follows.

Hysteresis Loss

The hysteresis losses occur in the superconducting material and are caused
by any time-varying magnetic field which makes the fluxons move. When

the magnetic field changes, the flux-line pattern and internal magnetic field
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2.2 AC Loss Mechanisms in Superconductors

change as well. The magnetic-field variation inside the material induces a
voltage, which creates dissipation because of the normal conducting regions
associated with each vortex. The time-varying magnetic field can be externally
applied (magnetization losses) or the self-field associated with a transport
current (transport losses). Despite the different origin of the magnetic field,

the physical mechanism causing dissipation is the same.

Eddy Current Loss

When an external time-varying magnetic field penetrates into a normal con-
ductor such as the Hastelloy, the silver and the copper, it induces an electric

field that makes currents flow. These are known as eddy currents.

Magnetic Loss

Magnetic losses are the losses occurring in the magnetic parts (if present, usu-
ally for manufacturing reasons), when they are subjected to varying magnetic
fields. The presence of magnetic materials is not necessarily negative. For ex-
ample they can be used to produce shields for the superconductor and reduce
its losses [Krul4]: in that case the trade-off between the reduced losses in the
superconductor and the additional losses in the magnetic material must be

assessed.

2.2.2 Solutions to Reduce AC Losses

There are several strategies for reducing the AC losses in superconductors,
more specifically the magnetization losses caused by an external magnetic
field. Hysteresis losses in REBCO conductors can be reduced by striating
the tape in filaments, but if these latter are coupled, the positive effect of
striation is nullified and another loss contribution, the coupling loss, arises.
The basic approach to reduce the eddy current losses is to increase the effective
resistivity of the material. The idea of shielding the tape also helps to reduce

the magnetic losses.
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2 Fundamentals and AC Losses in Superconductors

Filaments in HTS Coated Conductors

Generally speaking, it is convenient to have small superconducting filaments
rather than a large superconductor. For example, the magnetization losses
of a thin strip are proportional to the square of the width of the strip (see
eq. later). This means that if the strip is subdivided into N narrower
strips, the loss of the tape are N times lower than those of the original tape
(the losses of each narrow strip are N2 times lower, but there are N of such
strips). So, manufacturing superconductors in the form of this filaments is a
good approach to reduce the losses.

One should note, however, that in real applications the superconductor
tape is very long, the transverse resistance between the filaments is conse-
quently very low, and it is therefore extremely easy for the current to go from
one filament to the other. When currents flow from one filament to another,
they can couple the filaments together into a single large magnetic system
and cause additional dissipation because of the resistive material they flow
through. Then, if the filaments are coupled, they behave as a sole unstriated
superconductor and the advantage of having narrower filaments is canceled.
Increasing the transverse resistance between the filaments (e.g. with well de-
fined grooves of insulating material between them) can help to limit the flow
of current in the resistive material between the filaments.

Subdividing the superconductors into filaments can be a problem in RE-
BCO conductors. Striation is discussed in detail in Chapter [5] when discussing

AC loss mitigation.

Transposition

Superconductors are always placed in devices such as cables or coils, which
have metal terminations at their ends, where the current is injected. Even un-
der the assumption that the filaments are perfectly isolated from each other,
they can easily become coupled through those terminations, in this way can-
celing the positive effect of having narrow filaments.

A practical way of making filaments uncoupled is by twisting them, so

that the current paths are transposed: each path changes places with every
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2.2 AC Loss Mechanisms in Superconductors

other stands along the length of the conductor. The principle is illustrated
in Fig. 2.7] where the voltage inducing the current loops inverts its direction
every half twist. The length available for coupling is reduced: it is no longer
given by the total length of the strands, but by half of the so-called “pitch
length”.

One can produce wires with twisted filaments with and also
Bi-2223 superconducting wires, but it is much more difficult in the case of
REBCO coated conductors, due to their geometry and the extremely small
thickness of the superconductor layer. A solution is to obtain the transposition
of the current paths using to geometry of a cable consisting of multiple coated
conductors. For example by winding the coated conductor tape around a
cylindrical former. This is the idea behind the Conductor On Round Core
(CORCI®) design.

Another geometry offering transposition of the current paths is the Roebel
Assembled Coated Conductor cable, which is manufactured by punch-
ing [HTS| coated conductor into meander-shaped strands and assembling them
in a kind of braid structure. One can also think of introducing filaments in the
strands composing CORC® or RACC cables. However, in a CORC® cable,
the filaments are fully transposed only at the level of the individual layer (the
filaments do not change place with each other between different layers). In

addition, one should also assume no gap between the tapes (with filaments),

Figure 2.7: Current loops induced in a conductor composed of two transposed current

paths.
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2 Fundamentals and AC Losses in Superconductors

because the gap makes the filaments situated at the edge of a tape electro-
magnetically different from those situated at its interior. In a RACC cable,
the transposition of the filaments is only partial, because the filaments do not
interchange all the positions: for example, a filament situated on one side of

the cable never reaches the other side.

Magnetic Shielding

Another way of reducing AC magnetization losses is by magnetic shielding.
The basic principle is to try to pull magnetic field out of the superconduc-
tors with the help of shields of ferromagnetic materials, properly shaped and
positioned near the most critical part of the superconductor, for example the
edges of an HTS coated conductor. When a time-varying magnetic field (per-
pendicular to the superconductor) is present, the magnetic flux lines are taken
away from the superconductor and concentrated in the shield. The magneti-
zation losses of the superconductor material are lower (because of the much
lower magnetic field impinging the superconductor), but there are additional
magnetic losses in the shielding. However, depending on the shape and size of
the shield as well as on the properties of the magnetic material, the reduction
of the losses in the superconductor can be larger than the additional losses

generated in the shield.

2.2.3 Analytical Formulas for AC Losses in Tapes and Cables

The following analytical formulas are for calculating [AC] losses in situations
and geometries relevant for this thesis. A more complete discussion on ana-

lytical models for AC losses in superconductors can be found in [MMWS13].

Magnetization Losses of a Thin Superconductor Strip

Halse [Hal70|, Brandt and Indenbom [BI93|, and Zeldov et al. [ZCMD94| cal-
culated the current and field profiles in a thin superconductor strip in a per-
pendicular magnetic field. They developed analytical equations for calculating
the hysteresis losses in a thin superconductor strip on the basis of the critical

state model. For a strip of width 2a, thickness d and critical current I. in a
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2.2 AC Loss Mechanisms in Superconductors

perpendicular magnetic field H, and frequency f, the hysteresis loss per unit

length is as follows{]

2H, H. H,
_ 2 C a o a
QBrandt = 4mpoa’J.H, [a In cosh (C> tanh <C>} (2.3)

where H. = J. /7, J. = jed = I./2a.

Magnetization Losses of an Array of Thin Superconducting Strips

At sufficiently large applied fields, the hysteresis loss in the superconductor is
expected to reduce proportionally to the number of filaments. Mawatari [Maw96]
provided an analytic formula for the loss of an infinite array of superconduct-
ing strips subjected to perpendicular field, a geometry that approximates well
a striated coated conductor with electrically uncoupled filaments (introducing
an infinite resistance between filaments).

The hysteresis loss per unit length per cycle of a striated superconductor

strip made with ng) number of filaments in an applied field H, is given by:

hoQeL? /1 sin® (77°)
awatari = —NAl— 55— 1-2s)ln |1 - ——=———|d 2.4
Qpowat 2,2 0 ( 5)In cosh? (hgs) i 24)

where hg = 7H,/Je, Qc = pol?/m, Jo = jed = I./2w and L = 2w + Wegroove: W
is the width of a filament, wgroove the width of the space between two filaments

and d the superconductor thickness.

Eddy-Current Loss

The eddy current losses, which are expected to occur in the normal metal parts
of the tape, such as the Hastelloy, the copper layers and the silver layers, of a

normal conductor slab are given per unit volume by [Mul97]:

4Due to the different utilized notation and approach, the expression for the losses has a
different form in the papers mentioned above, but they are in fact equivalent. Here the one
from [BI93] is used.
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" BWE
6 Pnc
where B,, Wy and py. represent the magnetic field amplitude, the width and

P = (2.5)

the resistivity of the normal conductor, respectively.

Transport Current Losses

Norris [Nor70] proposed an analytical method to estimate the transport losses
of a superconductor strip. For a superconducting strip carrying a transport
current with magnitude I,, the AC transport losses per cycle per unit length

can be calculated as

:LLOI(? Ia, Ia. Ia Ia Ia’2
o =2 ) (1= )+ (142 ) m(1+32) =2 | (2
QNorrls,strlp . |:( IC) n ( I + + I. n + I. 1. ( 6)

Norris’ formula can be used for calculating the AC transport losses of cables

with rectangular cross-section shape such as RACC cables. A second formula

is provided for the losses of a superconductor with elliptical cross-section.

Transport Losses of a Hollow Superconductor Cylinder

The monoblock model is an analytical model developed for calculating the
transport losses of a superconducting solid tube [VM95|. It can be used for
getting an approximate estimation of the transport losses of CORC® cables.
However, the model does not account for the gaps between the tapes that
occur in a CORC® cable: in these gaps there can be a significant penetration of
magnetic flux perpendicular to the flat face of the tapes, which can significantly
contribute to the losses of a CORC® cable.

The expression of monoblock model in loss per unit length and per cycle
is given as follows [VM95|:

12
Qmonoblock = ;‘—Ohf;{@ — Fh)Fh+2(1— Fh)In(1—Fh)}  (2.7)
T

with h = (D2 —D32)/D? and F = 1,/I.. D, is the outer diameter of the cable,
Dy the outer diameter of the former, I, the transport current amplitude of the

cable and I the critical current of the cable.
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2.2 AC Loss Mechanisms in Superconductors

The analytical formulas by Brandt and Mawatari are used for estimating
the AC magnetization losses of unstriated and striated tapes, respectively.
The formulas by Norris and of the monoblock model are used for estimating
the AC transport current losses of RACC and CORC® cables, respectively.
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3 Preparation of the Samples and Ex-

perimental Setups

This chapter is divided in two sections, each describing the preparation and
the experimental setup for characterizing the properties of HTS tapes and
cables, respectively.

Among the various manufacturers in the world, for example American
Superconductor [Supa], Fujikura [Fuj|, Superconductor Technologies Incorpo-
ration |[STI], SUNAM |SuN|, SuperOx [Supb| SuperPower [Supc| and THEVA
[THE], that commercially produce REBCO tapes, two were selected for prepar-
ing test samples. The first one, SuperPower, for the reproducible and good
homogeneity and high critical current; the second, SuperOx, for the possibility
of customizing the tapes such as the thickness of the copper and silver layer.

The division of REBCO tapes into narrow strips as a method to reduce the
AC magnetization losses was proposed by Carr and Oberly [CO99] in 1999 and
its effectiveness was demonstrated with various techniques such as chemical
etching [MZX 109, TCO7|, mechanical scratching [KMS13,PKCT02] or laser
ablation [AKY T04,[AYK™05,CBH"02,DVK 14, DGK " 15, KLHS13|[ KLC" 15|
LBA™05a,LBAT05b,LBAO7,[LBK™06,LMH™13,MGC™05,NVD ™14, PUJ 06,
PKM™07,SCB05/SLCT03]. A review on the topic can be found in [GK16|. The
laser ablation technique was selected for this work for striating the tapes due
to the making of narrow laser beams, 20 um, the preciseness of the laser cut,
the flexibility in parameters choice such as the power, the pulse energy, and the
frequency, which allows optimizing the tape architecture and the possibility
of making a high number of filaments. It has been shown that it is possible

to introduce up to 120 filaments in a 12 mm wide tape with the laser ablation
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technique [DVK™14,DGK™ 15, NVD™'14].

The reduction of the AC losses in a cable requires that the individual
strands be transposed. Among various HT'S cables, the Conductor On Round
Core (CORC®) [GSVS15,MSCvdL14,[SSG14,vdL09, vdLNM*13,vdLWN* 16,
VKR ™15] and Roebel Assembled Coated Conductor (RACC) cables were cho-
sen because of their complete strand transposition and their high engineer-
ing current density [GNKT06|/GFHT07,GFKT09,GGPT14,GVKZ16,TVG ™11,
VGTT11].

CORC® cable was proposed and manufactured by D. C. van der Laan
in 2009 [vdLO09] and it is currently produced by Advanced Conductor Tech-
nologies LLCE] [Tec]. RACC cable was first proposed and developed by W.
Goldacker et al. in 2006 [GNK™ 06| and it is currently being developed at the
Institute for Technical Physic (ITEP)E] of the Karlsruhe Institute of Technol-
ogy , at Industrial Research Limited and at SuperOx.

A direct comparison between CORC® and RACC cables is difficult due to
their different architecture (round and rectangular cross section, respectively)
and the tape manufacturer (SuperPower and SuperOx, respectively). That is
why in this work, cables with similar critical currents were assembled, mea-
sured and compared. Striated cables are also introduced in order to observe

the effectiveness of striations to reduce the AC losses.

3.1 2G-HTS Tape Preparation and Experimental Setup

As previously said, the most common process to reduce the magnetization
losses is through a filamentarized structure. Its successful application to tapes
with thick copper stabilization (20 pm), where power applications require sta-
bilizer, is not straightforward [KLHS13,[KMS13,[LMH" 13|, due to the diffi-
culty of controlling the quality of the groove and thus avoiding filament cou-
pling [PUJT06,DUTT07,MZX"09,[DVK™ 14,|[KKL"16].

In a previous work of our group [DGK™ 15|, significant AC magnetization

loss reduction was observed for striated tapes with 5pm of copper. In that

Shttp:/ /advancedconductor.com/
Shttps://www.itep.kit.edu/english /index.php

26
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work, the influence of the way of depositing copper and of its thickness was
investigated. For this, several HTS samples with copper stabilization of 5 pm
and 10 pm were prepared. Tapes with 4 mm and 12 mm width were provided
by the manufacturers SuperPower and SuperOx, respectively.

Two manufacturing processes were used to make the striations on the
samples. The striations were produced either before or after deposition of the
copper layer. Those processes are identified throughout this thesis as Striated
Before Electroplating and Striated After Electroplating .

For the striated tapes, 150 mm long striations were made in the central
part of 200 mm long samples, as shown in Fig. The unstriated ends were
used to safely inject the current for critical current measurements. For AC
magnetization loss measurements, all the tapes, including the reference non-
striated ones, were cut to a length of 150 mm. The striated tapes had therefore
open-end filaments.

The filaments were created by means of a laser TRUMPF TruMicro 5025.
This laser has an infrared wavelength of 1030 nm, a pulse frequency of
400 kHz with pulse duration less than 10ps and a maximum power of 25 W
with maximum pulse energy of 125 pJ. More details can be found in [NVD™14].
All the striated tapes were scribed using 20 % of the laser power and their
striations were performed down to the level of the Hastelloy, which is 60 pm

thick.
Scanning Electron Microscopy (SEM)|) was carried out to examine the qual-

Figure 3.1: Top: reference 200 mm long unstriated sample. Bottom: 60-filament tape

striated over a 150 mm length. A magnified view of the striation is also shown on the

left, which is a Scanning Electron Microscopy (SEM).
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ity of the laser groove. SEM itself allows observing the top of the groove and,
once coupled to Focused Ion Beam (FIB|) removing the material of a small
zone from one of the groove, observing the cross section of it [RP01].

3.1.1 Preparation of REBCO Tapes

Various tape batches for AC magnetization loss analysis were manufactured.
Each batch consists of one reference non-striated tape and striated tapes with
various numbers of filaments, one or two copper thicknesses and one or two
striation processes. Both striation processes, SBE and SAE, are schematically
illustrated in Figs. [3.2(a) and [3.2(b)| respectively.

Tapes using the SBE process are tapes with only silver cap which were
first scribed by means of the laser, then oxidized , and finally elec-
troplated with copper. Tapes using the SAE process were first electroplated
with copper and then striated with the laser. SBE tapes have a similar struc-
ture to SAE but they do not have a copper layer at the bottom of the tape. For

both striation processes, the groove width was about 20 pm and the expected

20pum
<« Cu
=79 REBCO
~— Buffer
< Hastelloy

Electroplating

Laser ablation
then Oxidized

20um
<—EU
Laser ablation =—"9 rEBCO
—_——— ~— Buffer
<— Hastelloy
< Cu
(b)

Figure 3.2: Schematic illustration of the cross section of the two striation processes:
(a) Striation Before Electroplating (SBE) process. (b) Striation After Electroplating
(SAE) process.
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thickness of the electroplated copper was 5pm or 10 pm.

In order to obtain the best groove quality, the striation processes were
optimized: various power levels as well as numbers of runs of the laser were
tested and the results verified by using Scanning Electron Microscopy (SEM).

Four batches were prepared from tapes manufactured by SuperOx. Two
batches were electroplated with SAE process with 5 pm and 10 pm thick copper
stabilization and the other two with SBE process with 5pum and 10pm of
copper as well. The entire set of SBE tapes were striated by applying 12
runs for each groove. The SAE tapes with 5pum and 10pum of copper were
striated by applying 50 and 60 runs for each groove, respectively. The aim of
the comparison of different tapes was to observe the influence of the copper
thickness and of the striation process on the AC magnetization losses. The
results are shown and discussed in chapter

Tapes from the manufacturer SuperPower with a width of 4 mm and with
5 pm of copper stabilization were prepared. Tapes with 3 filaments, 5 filaments,
7 filaments, 10 filaments, 20 filaments and 30 filaments were striated with the
SAE process. Twenty-five runs per groove were performed in order to make the
striations. The aim of the comparison between tapes with different number of
filaments was to find the best candidate for assembling CORC® cables. This
comparison was also used for the analysis of the influence of different number
of filaments on the AC losses for the same striation process and thickness of
copper stabilization. The results are shown and discussed in chapter [6]

Table summarizes the main information of the prepared tapes such as
the width, the striation process, the thickness of copper stabilization and the
self-field critical current at 77 K.

In order to prevent the coupling between the copper on the top and either
the copper or the Hastelloy on the bottom across the edges of the conductor,
two laser lines were scribed as close as possible to the conductor’s edges along
the length.

3.1.2 Calibration-free Method Setup

The measurements of the AC magnetization losses of HTS tapes were per-
formed by means of the calibration free method [SGV05| at 77 K. This setup

29



3 Preparation of the Samples and Experimental Setups

Table 3.1: Prepared superconducting tapes for AC loss measurements. The width,
the striation process, the thickness of the copper and the critical current of each tape

is referred. The non-striated striated tapes are labeled as Ref.

Width Striation Copper Number of Filaments
(mm)  Process Thickness (nm) (Critical Current in A)
- Ref (345), 10 (330), 20 (305)
" 40 (255) and 60 (205)
10 Ref (335), 10 (305), 20 (270)
. 40 (215) and 60 (195)
- Ref (350), 10 (300), 20 (325)
SBE 40 (285) and 60 (225)
10 Ref (370), 10 (325), 20 (280)
40 (215) and 60 (190)
L SAE 5 Ref (105), 3 (102), 5 (98), 7 (95)

10 (91), 20 (66) and 30 (47)

*Sample’s ID: SOx-KIT
**Sample’s ID: SP-KIT-20140429-2b

was designed and built by M. Vojenciak at the ITEP.

The method is based on the observation that the losses in the sample con-
stitute a fraction of the power supplied to the whole system by the AC source;
this fraction is generally small, but can be detected by building a symmetric
system consisting of two pick-up coils, subjected to the same external uniform
magnetic field (produced by two sets of power-supplying coils), connected in
series, but wound in opposite directions. In the absence of sample, the system
is perfectly balanced and the voltage measured by the connected pick-up coils
is - ideally - zero. When the sample is inserted inside one of the measuring
coils, the symmetry is broken, the total voltage induced in the two pick-up
coils by the external field cancels out because of their opposite winding di-
rections, and the measured signal gives directly the loss of the sample. This

method has the big advantage that the same experimental set-up can be used
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3.1 2G-HTS Tape Preparation and Experimental Setup

to measure samples of different shapes and sizes, without the need of building
ad hoc pick-up coils wound around the samples.

Figure [3.3] shows the sketch of the setup for the AC loss measurement,
which consists of two power-supplying coils (A and B) connected in series
in order to create two ideally identical AC magnetic fields. These coils are
composed of four copper racetrack coils with curved ends. By bending the
racetrack coil ends, the four racetrack coils can be placed closer to each other,
which increases the produced magnetic field while keeping an entrance large
enough to introduce the sample as shown in Fig.

Two pick-up coils C and D, connected in series but in opposite direction,
ensure the voltage balance by subtracting the voltage of the first coil C by
the second coil D. They are formed by non-connected strands of the power-
supplying coils A and B.

The coil-powering current I, is supplied by a power amplifier controlled by
a waveform generator and it is measured by a Rogowski coil that is connected
to the first input of the lock-in amplifier (model SR 830 DSP) as phase refer-
ence. The Rogowski coil measures the magnetic field generated by the power
cable (sinusoidal current) and it supplies a voltage proportional to the current
and shifted by 90°.

Measurement system Compensation system

Rogowskil
coil

[~ Protection @

Al
LOCK - IN A
B circuit p

Ta~vsin(wt),

Ia
AMPLIFIER P !

- -
Ve~cos(wt) Ve~sin(wt)

Figure 3.3: Diagram of the calibration-free method setup. The principle of the loca-

tion of the hardware and the components are shown.
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3 Preparation of the Samples and Experimental Setups

In practice, the signal from the pick-up coils (C and D) V4, is not equal to
zero due to imperfections of the power coils (A and B). It therefore needs to
be compensated. This signal is connected to the second input of the lock-in
amplifier. The signal V4, is composed of two components, one that is in phase
with the current (90° shift, output of the Rogowski coil) and another that is

out of phase (sinusoidal component), which is used to calculate the losses:

Sample Holder

Coil B
4 Racetrack coils

Coil A
4 Racetrack coils

Figure 3.4: Schematic illustration of the setup for measuring magnetization AC losses

with the calibration-free method.
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3.1 2G-HTS Tape Preparation and Experimental Setup

n n
W = ZAk cos(wt) + ZBk sin(wt) (3.1)
k=1 k=1

The lock-in amplifier has the capability of separating the two components
(in phase and out of phase) of a signal. The sensitivity of the lock-in amplifier
is tuned from the highest voltage of both components. This means that, if the
voltage of one of them is much higher than the other one, then the smallest
voltage is not readable. That is why, two additional coils E and G were
introduced to compensate each component.

The coil E is connected in series with the coils C and D and it is located out
of the liquid nitrogen close to the power coil B in order to catch its magnetic
flux. By adjusting the position of the coil E, the amount of the caught flux
sets the voltage level in order to lower or rise the in-phase component.

To reduce or increase the out of phase component, a variable resistance
connected in series with the coil G (located next to the coil B) is tuned so as
to create a cosinusoidal current due to derivation of the carried current of the
power coil B with the mutual inductance Mpg. This circuit (the coil G and
the variable resistance) creates a magnetic flux that is caught by the coil D.
Due to the mutual inductance between the coil G and D (Mgp), and the
current carried by the coil G, a voltage out of phase is created into the circuit
consisting of the coils C, D and E. This voltage is represented by a coil F in
Fig. B3]

Firstly, the coils E and G are tuned in order to get the signal V}, without
sample (background signal) as low as possible. Then the sample is inserted

and the voltage signal with sample is measured. The sample, which can have

Figure 3.5: Sample holder with striated 70 mm long and 12 mm wide tape.
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3 Preparation of the Samples and Experimental Setups

a maximum length of 150 mm (see Fig. , is inserted into the power coil A.
Its orientation is perpendicular to the produced field, because this is the ori-
entation for which the losses are most significant.

The magnetization loss of the samples is calculated with the effective volt-
age that comes from the measurement with sample after subtracting the back-
ground signal (without sample) and the current that comes from the Rogowski

coil:

Psample = Vb,RMS-Ia,RMS (32)

where V4, ruvs is the effective value of the quadrature component of the voltage
Vb (sinusoidal component) and I, ruvs is the effective value of the current I,

which is measured by the Rogowski coil.

3.2 2G-HTS Cable Preparation and Experimental Setup

CORC® and RACC cables are assembled with tapes and strands, respectively,
in specific configurations to obtain a conductor with a high current carrying
capability and sufficient tensile strength. The geometry of CORC® and RACC
cables allows having — at least in theory — a uniform current distribution
between the tapes and the strands. CORC® and RACC cables with striated
conductors were also assembled in order to test the effectiveness of striations
on the AC losses.

A CORC® cable is assembled by winding several layers of 4 mm wide tapes
around a cylindrical former. A RACC cable consists of several meander-shaped
5.5 mm wide intertwined strands. The number of tapes or strands constituting
the CORC® or RACC cable defines the current-carrying capacity of the cable.
Both, tapes and strands, were electroplated with similar copper thickness for
stabilization (5pm), but using samples from the manufacturer SuperPower
and SuperOx, respectively.

A direct comparison between CORC® and RACC cables is difficult due
to their different architecture and the tape manufacturer. That is why in this
work, cables with similar critical currents were assembled and their preparation
are shown in section Their AC losses were measured and are investigated
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3.2 2G-HTS Cable Preparation and Experimental Setup

in chapter [6]

In a CORC® cable, transposition occurs within layers for both type of
tapes (striated and non-striated tapes), assuming no gap between the strands.
In a RACC cable, the non-striated strands are fully transposed, but the fila-
ments are not: a filament situated on one side of the cable never reaches the

other side.

The critical current I. of the cable determines the number of tapes for
a CORC® cable or the number of strands for a RACC cable. This critical
current can be estimated as the sum of the single tape or strand critical current
reduced by an amount due to the self-field, which can be roughly estimated as
20-30 % for both cables. This reduction depends on the number of layers for
the CORC® cable or on the number of strands for the RACC cable as shown

in [vdLNM™13| and |[GGP™14], respectively.

REBCO tapes
in layers

Figure 3.6: Schematic illustration of a CORC® cable with 2 layers and three tapes

per layer. A cross section of the cables is also shown.
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3 Preparation of the Samples and Experimental Setups

Table 3.2: Prepared CORC® cables with their corresponding critical current. The
ones label as “Cg” correspond to the CORC® cables with non-striated tapes and the
ones label as “Cg” with striated tapes. The number following “Cr” or ‘Cg” represents

the number of strands of the cable.

Reference cables 1. Striated cables 1.

(non-striated) (A) (5 filaments) (A)

Cre (3 tapes x 2 layers) 454  Cgg (3 tapes x 2 layers) 410

Cro (3 tapes x 3 layers) 795 Cgg (3 tapes x 3 layers) 588

Cri2 (3 tapes x 4 layers) 998 Cgjo (3 tapes x 4 layers) 963
Sample’s ID: SP-KIT-20140429-2b

3.2.1 Preparation of High Current HTS Cables

In total, six different CORC® cables were manufactured by Advanced Con-
ductor Technologies LLC with the main data given in Table [3.2]

Three CORC® cables were made with non-striated tapes (label “Cr”) and
three with striated tapes (label “Cg”). All tapes have the same copper thick-
ness (5pm), the same tape width (4 mm) and are from the same manufacturer
(SuperPower). The number of layers was varied from 2 to 4. The striated
tapes have 5 filaments because it represents a good compromise between AC
loss reduction and preservation of the critical current [VKR'15]. The super-
conducting tapes were wound on a tube and the layers are wound in opposite
direction as shown in Fig. [3.6

The ends of the cable were inserted and soldered into copper tubes. Two
contacts (“Lco” and “Lcy” in Fig. were soldered inside the copper
current leads in two different locations. Three contacts (“Tc1”, “Tce” and
“Tes” in Fig. [3.7(a)|) were soldered on the three tapes located on the outer
layer at a distance of eight transpositions lengths (144 mm). Those additional
contacts are added to monitor the homogeneity of voltages.

The striations of strands were done over 150 mm length using the SAE

process, leaving 200 mm length for contacts. The filaments were prepared at
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3.2 2G-HTS Cable Preparation and Experimental Setup

ITEP using 20 % of the laser power with 50 runs for each grooves. The striated

CORC® cables strands were wound inwards.

The manufacturing of a RACC strand starts from a single 12mm wide
tape shaped by a dedicated mechanical punching machine into a meander-
shaped strand. The mechanical punching process is used by KIT, IRL and
SuperOx and can achieve a precision lower than 50 pm for the strand width
m A schematic illustration of the punching process which is used
for manufacturing the RACC strands is given in Fig. |3 The machine has
two punching dies, one for the top and another one for the bottom of the tape
width. The machine cuts the tape several times along a transposition length.
This number depends on the transposition length. Two times punching was
used for the configuration in this work. The first punching is always the same

size as the die but the other one changes according to the transposition length.

Contact
0 v "o oy
R 200 N
7N 7T\
IIT1 n |IT3II IIT1 " T3
"T2" "T2"

(a)

Hole for supplying the current

Laser structure 2 x 126 mm

Voltage taps for critical current measurement
(b)

Figure 3.7: Schematic illustration of the preparation of the striated and reference
cables for electrical DC and AC transportation measurements. (a) CORC® cable:
location of voltage taps is shown. For striated strand cable, the striation are on the
inner side of the layer. (b) RACC cable: the copper current leads (in red) are shown

as well as the voltage taps.
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" ~——Cut-off (die 1)
Die 1
Die 2 12 mm
Cut-off (die 2)—— <.
Move of 20 mm . < Cut-off (die 1)
Die 1
Die 2

Cut-off (die 2)——_ 4"

~— "0 (e 1)

Cut-off (die 2)—» <

> ~—Cut-off (die 1) Move of 106 mm
Die 1 E—
Die 2

Cut-off (die 2)——

. <—Cut-off (die 1) Move of 20 mm

Die 2

Cut-off (die 2)—— <"

5.5 mm

~a—_CutOf (% D)
Cuteoff (die 2)——» <A

(a)

Figure 3.8: (a) Schematic illustration of the punching machine operation for a sample
of 12mm. (b) 3D illustration of the assembly of seven strands for making a RACC
cable. (¢) Top view of a RACC cable with five strands.
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3.2 2G-HTS Cable Preparation and Experimental Setup

Various transposition lengths can be made: a length of 125.8 mm, 226 mm
or 426 mm for tapes with a width of 12mm. Once all the strands are pro-
duced, the RACC cable, for short lengths, is assembled by hand as shown
in Figs. 3.8(b)| and [3.8(c)l A gap between the strands must be introduced
in order to prevent the damage of a strand by the neighboring strands. The

transposition length is determined by the number of strands, which is itself
determined by the desired critical current of the cable, and the gap between
them.

Two RACC cables were prepared and assembled by A. Kario [KVK™T16]
at KIT. Both use SuperOx 12mm wide punched tapes with 5pm of copper
stabilization (ID: SOx-2015-43). All RACC cables consist of 10 strands with a
transposition length of 126 mm and six transposition lengths. After punching
a tape with 12mm width, the new width of the strand is 5.5 mm.

The first RACC cable was assembled with non-striated tapes and it was
used as reference. The second RACC cable was assembled with striated tapes
along two transposition lengths (252 mm) in the central area of the cable. The
five filaments were cut with the SAE process using 20 % of the laser power
with 50 runs for each groove. The critical current of the non-striated RACC
cable is 914 A and that of the striated RACC cable is 993 A.

For all RACC cables, copper current leads, measuring one transposition
length (126 mm), were soldered close to the ends of the cables with PbSn solder
at 240°C. Figure illustrates the dimensions as well as the location of

the copper current leads and of the region with filaments.

3.2.2 Calorimetric Method Setup

The boil-off calorimetric method [MMB™13] is a flexible technique for measur-
ing the AC magnetization losses, the AC transport losses and a combination
of the two. It consists in measuring the evaporation of the coolant, which is
proportional to the AC losses caused by the heating of the cable. The pro-
portionality between AC losses and evaporation is determined by means of a
calibration process employing a heater of known resistance. All the measure-
ment were performed in liquid nitrogen at atmospheric pressure. The volume
of the boiled-off liquid nitrogen resulting from 1 W is 0.0225 Lh~! [Eki06] at
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3 Preparation of the Samples and Experimental Setups

atmospheric pressure.

For those measurements, the cable is placed inside the uniformity region
of the field produced by a racetrack coil. The cable is also connected to a
transformer that is connected to a current supply controlled by a waveform
generator for supplying the cable with an AC current. The AC losses generated
in the superconductor evaporate the liquid nitrogen, which is collected by
means of a bubble catcher and then sent to a flowmeter, which is connected to
a voltmeter. The bubble catcher box has a length of 126 mm and thus covers
one transposition length of the RACC cable and seven transposition lengths
of the CORC® cable. An overview of the setup is shown in Fig. [3.9

For measuring the AC magnetization losses, the AC current of the race-

track coils was varied in order to apply various AC magnetic fields to the

cable. For measuring the AC transportation losses, the HTS cable was di-

| Voltmeter !

Rogowski coil
for field

Al
LOCK - IN
B

Rogowski coil
for current

Amplifier
field

Amplifier
current

Transformer

Figure 3.9: Setup illustration of the calorimetric method. The hardware and the

components used for measuring the AC losses are shown.
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3.2 2G-HTS Cable Preparation and Experimental Setup

rectly fed with the AC current. For the measurement of combined transport
and magnetization AC losses, both methods were simultaneously applied.

A heater made from a resistive wire (copper nickel alloy with small addi-
tions of manganese: 262) is used to calibrate the measured volume
of evaporated nitrogen to the AC losses. The shape of this heater is as close
as possible to that of the cable under investigation: a rectangular one for the
RACC cable and a cylindrical one for the CORC® cable. Its length corre-
sponds to the bubble catcher box (Fig. [3.10(a)). For the RACC cable, the

Contact
npn

X
X 1]
X
DC
current
w3 supply
wfon

(b)

Figure 3.10: (a) Bubble catcher fitted to one transposition of striated RACC cable for
the calorimetric method. (b) Schematic illustration of a CORC® cable with bubble

catcher, voltage taps and heater.

Contact "1"
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heater was wound around the edge of a rectangular G-10 former with a empty
central area and placed above the cable within the bubble catcher. For the
CORC® cable, it was wound around the cable itself as shown in Fig. [3.10(b)

The calibration process consists in supplying a heater with DC current to
reach the evaporation level of the different applied magnetic fields (left part of
the plot in Fig. . For each evaporation level (corresponding to a different
applied field) of the heater, the voltage and the current are recorded in order to
calculate the power dissipated in the heater (right part of the plot in Fig. .
Then for each level a coeflicient is calculated, which is the result of the power
from the heater divided by the voltage from the flowmeter. Finally, the power
of AC magnetization losses is calculated by multiplying this latter coefficient
by the flowmeter’s voltage corresponding to the evaporation of the different

applied magnetic fields.

T T T T T T T T T T T T T
0.14| Flow from HTS cable Flow from heater 3.5
0.12F 35.7mT 3
01} 25
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Figure 3.11: Evaporation level of the AC losses (left blue curve) for applied fields
of 35.7mT, 31.6mT, 27.6 mT, 21.4mT, 19.2mT and 14.9mT | and the calibration
system (right green curve). The power of the heater according to the evaporation
level is also shown (red curve).
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4 Critical Current Measurement

The critical current is the most prominent property used to evaluate the per-
formance of superconducting tapes and cables, and it is very important to have
reliable methods to measure it. Even in the context of AC losses, a low-loss
conductor needs to have a sufficiently high current-carrying capability in or-
der to be interesting for applications. This chapter describes the experimental
method to measure the critical current and the measurement results of several
REBCO tapes and cables.

The critical current of REBCO tapes strongly depends on the magnitude
and orientation of the magnetic field and the temperature. In this work,
the focus is on power applications such as cables, fault current limiters and
transformers, so that the temperature is assumed to be constant at 77 K and
the magnetic field is less than 1T. Depending on the specific application, the
REBCO tape experiences a wide range of field orientation and that is why the

setup is built to measure all angles.

Due to the relatively high cost of the REBCO tapes, it is important to
optimize the critical current of the cables. This can only be done with a
precise knowledge of the angular dependance of the critical current of the
REBCO tapes. Due to the specific microstructure, REBCO tapes exhibit
very anisotropic dependence of the critical current on the magnetic field. This

anisotropic behavior varies considerably among different manufacturers.

Researchers have been demonstrating a reduction of the anisotropy by
the so-called doping and by introducing artificial pinning centers. A gen-
eral enhancement of the in-field critical current is observed in REBCO HTS
tapes with additions of [BaZrOg| [CSZT09,[KGLT06,MM10,SCXT09,[SCZ*12],
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[VBWT0g], [HDM*09], Y2BaCuO; [HBWT04] and
BagYNbOg [FHMT10,(WGZ"10]. Some manufacturers such as SuperPower
[Supc| have been investigating and successfully reduced this anisotropy
[SCZT12,|SXLT14]. SuperPower’s state-of-art REBCO HTS tape is commer-
cially labeled “Advanced Pinning ” [HZKS15,NZBT15,NBS™16,SXL 714,
ZLFT13]. However, the angular dependence of those HTS tapes varies in a
wide range and it is difficult to predict precise behavior.

For REBCO tapes without artificial pinning centers, the angular depen-
dence can be described by the following formulas [GSZV14]:

B? + (kBy))? ’

I(By,BL) = L(0) [ 1+ =

(4.1)

where I.(0) is the self-field critical current, Bj and B, are, respectively, the
parallel and perpendicular components of the magnetic field, B, is a sort
of ‘critical’ field defining how fast the current degrades, k is an anisotropy
parameter, and b is a damping parameter. This formula easily identifies the
maximum and the minimum values of the critical current.

As mentioned before, the angular dependence of the critical current on
the magnetic field of REBCO tapes changes dramatically with artificial and
non-artificial pinning centers [KGL+06,PVGS117K1N+02,UKSK09, ZSCT09,
SCXT09,SCZT12,SXLT14,WGZ " 10/FHM ™ 10,HDM T09,CSZ"09]. A vast col-
lection of data with angular dependence of the critical current can be found
in the database [WS17,[Thel6] created by N. M. Strickland and S. C. Wim-
bush. This database published first in September 2016, includes commercially
available superconducting wires from American Superconductor [Supal, Fu-
jikura [Fuj|, Superconductor Technologies Incorporation [STI], SUNAM [SulN],
SuperOx [Supb|, and SuperPower (AP) [Supc|. Those data-sets can be used
for modeling and designing HTS devices and are continually expanded with
new data from its creators and also external contributions. Nevertheless, due
to the strong variations, the characterization of state-of-art REBCO tapes
is necessary on a case by case basis. That is why an in-house experimental
facility has been built at the Institute for Technical Physics.

The measurement of the critical current for REBCO tapes and cables is
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based on the same principle. It consists in supplying the sample with a slow
ramp of current while monitoring the voltage — the so-called four-point mea-
surement. When the current approaches the critical value a measurable voltage
rapidly develops. The critical current is commonly defined as the current at
which an electric field of 11V em™ is reached, as shown in Fig. [4.1 This
critical current definition is standardized [Int06] for the first generation of the
HTS tapes (BI-2223/Ag) and it is commonly used for the REBCO tapes as
well.

In the initial transition from the superconducting to the normal state, the

I —V curve can be described by a power-law relation:

v (L) w

where V is the critical voltage (which is 11V em ™! times the distance between
the voltage taps), I is the critical current and n defines the steepness of the

curve. The n-value indicates the gradient of the curve when the I — V' curve
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Figure 4.1: Plot of the power law using the following parameters: I. = 110 A and

n = 10. The voltage taps were placed on 5cm apart.
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is plotted on a logarithmic scale. A high n-value represents a sharp transition
from the superconducting to the normal state.

In order to measure the critical current for REBCO tapes and cables, two
different experimental setups have been built: one for measuring the depen-
dence of the critical current on the magnitude and orientation of the magnetic

field; and one for measuring the self-field critical current of cables.

4.1 Critical Current Dependence of HTS Tapes

4.1.1 Experimental Setup

The critical current measurement of REBCO tapes exposed to a magnetic field
is performed with a fully automated setup, shown in Fig. The magnetic
field can be varied in amplitude and in angle. The setup consists of four
different parts: the generation of the magnetic field, the rotation of the sample,
the ramping of the current with the recording of the voltage, and the fit of
the I — V curve. A LabVIEW program was written in order to make the
measurements fully automatized.

The magnetic field is generated by two copper coils with an iron core.
The uniformity region where the sample is located is 10cm. The coils are
energized by a power supply (Bruker B H11 D), which can generate up to
600mT. The coils are cooled down by a water cooler (Bruker B MN C5).
The communication between the computer and the power supply of the coils
is carried out by an analog-digital converter (NI-USB 6501). A Hall sensor
(model LHP-NP) is placed next to the sample in order to measure the magnetic
field and this sensor is connected to a voltmeter (Keithley 2000).

A double-walled cylindrical cryostat is located in the bore of a stepper
motor (MiCos PRS-200), which provides the rotation. The sample holder is
positioned inside it. A tray with six heating power resistors (25 W each) is
placed between the cryostat and the motor in order to prevent the motor from
freezing.

The current is supplied to the sample by two current supplies (Agilent
6672A and 6680A). The Agilent 6672A is used for direct currents from 0 to
100 A and both current supplies together for direct currents higher than 100 A
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4.1 Critical Current Dependence of HT'S Tapes

and up to 975 A. The current is measured with a shunt placed in series. The
shunt has a ratio of 150mV /600 A, which means that the shunt can drive a
maximum current of 600 A. For that current, the voltage drop is 150mV. The
shunt is connected to a voltmeter (Keithley 2000). The voltage of the samples
is measured by a nanovoltmeter (Keithley 2182A or Keysight 34420A).

A LabVIEW program was developed for controlling the hardware, setting
the parameters for the measurement of the I — V' curve (such as time step,
current step, threshold voltages), calculating the critical currents and the n-
values, and collecting, monitoring and saving the data. The main feature

of the program is the high flexibility for measuring the I — V curve. The
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Figure 4.2: Schematic overview of the automated setup measuring the critical current

as a function of the magnetic field amplitude and orientation.
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regular way to control the I — V curve with regularly spaced current steps,
as shown in Fig. [4.3(a), was not satisfying in terms of speed and accuracy.
That is why two new modes of measuring the I — V' curve were investigated
(Fig. [4.3(b)| and [4.3(c)). Both modes allow defining different voltage criteria
(e.g. Ver = 1uVem™! and Vg = 0.1nVem™!). The n-value is then calculated

between those two points.

The main idea of the first mode, shown in Fig. 4.3(b)| is to simply divide
the curve in two parts. In the first part the current is increased rapidly with
large increments. When a measurable voltage develops, the current steps are
made smaller. The second part has smaller current steps than the first one in
order to get a sufficiently large number of measurement points for calculating
the n-value and the critical current, and also to control the maximum injected
current with more precision. The measurements are stopped when the voltage

reaches 0.5-2 times V;; — the particular value depending on the type of tape.

The second mode, shown in Fig. divides the I — V curve in three
parts. The first two parts are as in the first mode described above. The third
part consists in ramping the current back to zero with small current steps, and
is used to calculate the n-value and the critical current. The second mode is
the preferable option to use when the first part of the I — V' curve is affected
by a large noise voltage or by a resistive slope. In those cases, if the first mode
were used, the second part with fine current steps would be initiated too early
at too low current values.

Once those parameters are defined and inserted in the program, the full
characterization of the tape can begin. A full characterization consists in
measuring the I —V curves for each amplitude and orientation of the magnetic
field. The main steps of the characterization process are illustrated in the flow
chart of Fig. Typically, the amplitude is varied between 25 and 600 mT
and the orientation from 0° to 360° in steps of 10°. Additional angle values
are often measured in order to better visualize sharp peaks in the angular
dependence of I..

The experiment is fully automatized and allows saving a significant amount
of time with respect to a manual characterization. This is because the pro-

gram automatically sets each amplitude and orientation of the field. It also
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4 Critical Current Measurement

automatically calculates the n-values and the critical currents, as follows.

First, the I — V data points between V.1 and V.o are selected and the
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Figure 4.4: Flow chart of the angular dependence characterization of the critical

current.
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4.1 Critical Current Dependence of HTS Tapes

n-value is calculated with a linear fit of the slope of the curve of those points
on a log-log scale. Then, for each of those selected points (I, Vin), a critical

current value is calculated as

1
Ve
Ic,m = IIIl (va) (43)

Finally, the critical current of the sample is taken as the average of the calcu-
lated I, values.

With respect to a direct measurement of the current corresponding to the
critical voltage criterion, this procedure allows a precise determination of I,
even in the case of large current increments or if the current ramp is stopped
before reaching the critical voltage criterion.

This experimental facility is now routinely used for characterizing HTS
tapes to be used in various HTS applications (e.g. [GSZV14,GVKZ16]) and

the results serve as main input of numerical models (e.g. [ZHSG17]).

4.1.2 Measurement Results

Various input parameters for calculating the n-value and the critical currents
were investigated: the current increment, the time step and the threshold
voltage of the various steps of each mode. The results shown in this section
refer to a current increment of 2 A and 0.2 A for a threshold voltage of 0.05V,
and 2V, respectively for the two-step mode, and a current increment of 2 A,
0.5 A and 0.2 A for a threshold voltage of 0.5V, 2V, and 0.1V, respectively for
the three-step mode. For both modes, the time step is of 500 ms. A variation
of these parameters within reasonable limits did not lead to different values of
the n-value and critical current.

Different ways of applying the background field (i.e. by increasing or de-
creasing its amplitude) and different operating modes (i.e. by using the two-
step mode or the three-step mode) were also tested. The results are shown
in Table For the n-value and the critical currents, an error margin was
calculated. The error of the n-value is 4.8 %, for the critical current I.; is
£0.6 % and for the critical current I.s is £1 %.

The different error margins were calculated as follow: The current error

margin consists in calculating the two extreme currents from the measurement
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4 Critical Current Measurement

Table 4.1: Critical currents and n-values of the different modes for an applied field
angle of 0° (L to the ab-plane of tape) and a temperature of 77K. The values
correspond to the REBCO 4 mm wide tape.

a two-step mode for increasing field b three-step mode for increasing field

B (T) I.1 (A) Ic2 (A) n-value B (T) Ic1 (A) Ic2 (A) n-value
0.00 109.6 £0.7  102.0 £1.0 32.0 £1.5 0.00 109.6 £0.7 101.3 £1.0 29.2 +1.4
0.05 75.3 £0.4 67.7 £0.7  21.8 £1.0 0.05 75.6 £0.5 66.8 £0.7 18.7 £0.9
0.20 50.1 £0.3 43.1 £0.4 15.2 £0.7 0.20 50.2 £0.3 43.3 £0.4 15.6 £0.7

¢ two-step mode for decreasing field d three-step mode for decreasing field

B (T) I.1 (A) Ica (A) n-value B (T) Ic1 (A) Ic2 (A) n-value
0.00 109.9 £0.7 102.8 £1.0 34.5 £1.7 0.00 109.7 £0.7 101.2 £1.0 28.6 £1.4
0.05 75.4 £0.5 67.9 £0.7  21.8 £1.0 0.05 75.6 £0.5 67.0 £0.7 18.9 £0.9
0.20 50.0 +£0.3 43.4 £0.4 16.2 £0.8 0.20 50.0 £0.3 43.4 £0.4 16.0 £0.8

of the shunt voltage drop and its ratio, i.e. the smaller voltage with the largest
ratio and the larger voltage with the smallest ratio. The shunt voltage drop was
measured with a multimeter and its error is £((30%x10~%xReading)+ (301075
Rangejgomy)). The error of the shunt ratio is £0.5 % of it. The voltage error
margin of the sample consists in calculating the two extreme voltage drops of
it, which was measured with a nanovoltmeter. The error of the reading of the
nanovoltmeter is +((20x10~%*Reading) + (4% 10~%+Rangejomy)). The n-value
error margin was calculated from two extreme I — V curves, i.e. firstly, when
the current is the smaller and the voltage the larger, and on the other hand
when the current is the larger and the voltage the smaller. The critical current
error margin was calculated from the eq. and the two latter n-values.

The results in Table[d.1]show that, within the error margin, the n-value and
the critical currents are not influenced by the procedures followed for creating
the I — V curves (two or three-step mode) or for producing the background
field (increasing or decreasing field magnitude).

Three superconducting tapes that differ in width (4 mm and 12mm), in
supplier (SuperPower and SuperOx), in technology (advanced pinning and
not) and in copper stabilization (5 pm and 20 pm) were measured. The results
of their full characterization are shown in Fig.

The behavior of the samples without advanced pinning is commonly known.
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4 Critical Current Measurement

They have usually two main peaks and valleys at 90° and 270°, as shown in
Fig.[4.5(a). The advanced pinning aims to reduce the anisotropy. The samples

with this technology show a much more complicated angular dependence, as
can be seen in Fig. [1.5(b) and Fig. [4.5(c).

Figure shows that for all the considered superconducting tapes, the
critical current decays with the increasing magnetic field and varies with its
orientation. The angular dependence is strongly influenced by the microstruc-
ture of the superconductor. The critical currents of the SuperOx 12 mm wide
tape, with 20 pm of copper-stabilization, get their greatest critical current val-
ues for the angles 90° and 270°, which correspond to the parallel orientation of
the tape with respect to the applied field. In contrast, the SuperPower 12 mm
wide tape, with 5 um of copper-stabilization, gets its greatest critical currents
for the perpendicular orientation (0°, 180° and 360°) of the tape with respect
to the field. The third tape, the SuperPower 4 mm wide, with 5 pm of copper-
stabilization, combined the two features of the two previous tapes. Indeed,
this tape has its greatest critical current values for the parallel orientation
(90° and 270°) with an applied field up to 300mT and for the perpendicu-
lar orientation (0°, 180° and 360°) with an applied field from 300 mT up to
600 mT.

4.2 Critical Current of HTS Cables

Measuring the critical current of an HTS cable follows the same principles as
for an HT'S tape. Due to the presence of multiple strands, the current injection
requires properly sized and designed current leads instead of a simple soldering.
In addition, the voltage signal used to build the I —V curve can be picked up
from different locations. For these reasons, the critical current measurement
of HTS cables cannot fit in the apparatus for single tapes shown in Fig.

and is performed in a dedicated larger container.

Another dedicated LabVIEW program was used for monitoring and record-
ing the I —V curves as well as stopping manually the current injected into the

cable.
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4.2 Critical Current of HTS Cables

4.2.1 Experimental Setup

For both CORC® and RACC cables, the position of the voltage taps is illus-
trated in Fig. The taps are soldered on each tape or strand and inside the
current leads. For the CORC® cable the voltage taps were placed only on the
outer tape layer. The different positions of the voltage taps allow monitoring
the global behavior of both cables.

In order to reach sufficiently high currents, a 2 kA Heinzinger power supply
(model PTN3p 6-2000) was used. The voltage signals were measured with
a multiplexer (model Agilent 34970A) connected to a nanovoltmeter (model
Keithley 2182A). The current flowing in the cable was monitored with a shunt
resistance (ratio: 60mV /1500 A) connected to a voltmeter (model Keithley
2000).

For this setup, a LabVIEW program is used to control all the hardware
in order to monitor and save the I — V curves. The program uses only one
current increment setting (manually adjustable during the measurement) and
the current ramp is stopped by the user, based on the behavior of the individual

strands.

The use of another program with respect to the one used for the automatic
I. measurement of tapes is necessary for several reasons. Firstly, the current
sharing between the strands, which influences the estimation of the critical
current of the cable, is difficult to know [VGTT11,|GFK™09]. That is why
the transition of the I — V' curves along the cable can not be predicted and
hence the threshold voltage for stopping the current can not be set in advance.
Secondly, the current imbalance between the strands can easily cause damage
in individual strands, especially if they are not sufficiently stabilized. Finally,
the damage of one strand would require a complete re-assembling of the cable,
with substantial loss of material and time. That is why the preferable option
for measuring the I — V' curves of REBCO cables is the manual monitoring of

all the voltage taps in order to see the behavior of each of them.

One challenge of these measurements consists in getting a sufficient number
of data points after observing the rise of the voltage and shutting the current

off before it reaches values that can damage the cable.
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4 Critical Current Measurement

4.2.2 Measurement Results

The critical current measurements of the cables were performed in liquid nitro-
gen (77K) at self field. As mentioned above, all the voltage taps are monitored
as a function of the current (I — V' curves) and the measurement is stopped
by the user in order to prevent damaging the cable. It can happen that the
voltage taps do not achieve their threshold voltage. This can be due to three
reasons: firstly, a strand does not start to develop a sufficient voltage yet.
Secondly, the measurement is stopped before the strand reaches the threshold
voltage because other strands did. Thirdly, the voltage taps have lost the
soldered connection as a consequence of the cable handling, of its immersion

into the liquid nitrogen bath, or both things together.

Critical Current Measurement of CORC® Cables

The distance of the CORC® voltage taps soldered on the tapes (labeled “T¢;”,
“Tey” and “T3”) is 144mm. As for the voltage taps on the copper leads,
labeled “Lcg” and “Lg1”, their distances are arbitrarily chosen to be 200 mm
and 340 mm. The exact positions of these taps are not known, apart from the
fact that they are located somewhere in the inner sides and in the ends of the
copper leads. This adds some uncertainty to the I. values.
Figure[4.6(a)|shows the I —V curves of the five voltage taps of the CORC®
cable Cgy4 (12 striated tapes on 4 layers). One can observe that the transition
of the contact “Lcg” and “Lcy” starts as soon as the increase of the current and
is proportional to the current. This transition, in the shape of a resistive slope,
is due to the resistive joint of the current leads. The resistances for both sets
of contacts are calculated and the resistive slopes are subtracted from the total
voltages in order to calculate the n-value and the critical current. As for the
voltages from the tapes, an offset for each pair of taps (before the transition)
was calculated and subtracted from the total voltages. The resistance value
is the coefficient of the linear fit of the resistive slope calculated in a range
of reasonably measured points. The range changes between cable geometries
(number of layers), but it is the same between the cable types with the same

number of layers (reference and striated cables).
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4.2 Critical Current of HTS Cables

For a comparison of the critical currents from the different voltage taps,

which have different lengths, the I — V' curves are normalized by their length,

as shown in Fig. [4.6(b)l This normalization already includes the subtraction
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Figure 4.6: Plots of the I — V' curve measurement from the different voltage taps of
the REBCO CORC-S4 cable, assembled with twelve wound tapes. (a) The actual
measured I — V curves, (b) Normalization of the measured I — V curves. For the

)

contact “Lcg’

and “L¢y”, the shown I — V' curves include the subtraction of their

resistive slope. The fits of the I — V' curves calculated from the power law with the

calculated n-values and I, are also shown (full lines).
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4 Critical Current Measurement

of the resistive slopes for the sets of contacts located in the copper leads and
of the offset for the sets of contacts located on the tapes.

As observed in Fig. the superconducting transitions of the taps
“Lco” and “Lc1” are much slower than those of the taps located on the three
tapes. This quick transition of the tapes compared to the global cable, indi-
cates a higher n-value. The value equals to 1 represented by the dashed line
in the y-axis corresponds to the threshold voltage (electric field criterion of
1pVem™!) for all contacts. One can observe that only the contact “Lcg”,
which is also the first one, crosses the threshold voltage, because the current
was switched off before the others cross this limit.

Due to the two different transitions (from the current leads and from the
tapes), two ranges of criteria are used for calculating the n-value of each I —V
curve. The range used for the taps “Lcg” and “Lc;” is between 0.5V em ™!
and 1.5V em ™!, On the other hand, the contacts of tapes use a range between
0.1pVem~! and 1pV em ™! The critical current of each point located between
the two criteria of each I — V curve is calculated from the eq. using the
n-value calculated previously. The total critical current of a cable is then
considered as the mean value of those calculated values. In order to see the
accuracy of the parameters calculated, new I — V curves are plotted using
eq. (4.2) in full line in Fig. [4.6(b)]

All the calculated values such as the critical currents, the n-values and the

contact resistances are summarized in Table [4.2.

Critical Current Measurement of RACC Cables

The distance of the RACC voltage taps soldered on the strands (labeled from
“Tr1” to “Tr1o”) is 252mm. As for the voltage taps on the copper leads,
labeled “L”, their distances are arbitrarily chosen to 378 mm. Similarly to the
case of the CORC® cable, the exact positions of these taps are not known and
this adds some uncertainty to the I. values.

Figure shows the I —V curves of the eleven voltage taps of RACC-
SP-S5 cable (ten striated strands). One can observe that the transition of the
contact “Lr” starts as soon as the increase of the current and it is proportional

to the current. This transition, as also observed in CORC® cables, is due to
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4.2 Critical Current of HTS Cables

Table 4.2: Critical currents and n-values of each voltage taps of the prepared CORC®
cables measured at 77 K. Each layer consists of three tapes. The cables labeled with
“R” represent the ones with unstriated strands and those with “S”, striated strands

with five filaments, The number corresponds to the number of strands. The contact

resistances, labeled “R.”, for the voltage taps “Lco” and “Lgy” are also shown in
(nQ).
Contacts
Cables Lco Loy Tc1 Tco Tcs
I n Re I n Re I n I n I n
CORC — Cgg 454 7.8 37.4 485 8.3 50.4 — — — — — —
CORC — Cgg 410 15.8 27.2 419 12.6 32.2 432 17.2 — — — —
CORC — CRrg 795 9.4 114.5 805 6.1 126.3 805 28.7 — — 824 21.7
CORC — Cgg 588 103 371 | 619 11.6 656 | — _— | — _— | — _—
CORC — CRr12 998 12.4 39.3 1023 11.7 107.8 1045 35.2 — — 1032 31.9
CORC — Cgjo 963 13.1 24.2 995 12.9 54.1 984 37.3 987 34.9 1008 44.7

ID: SP-KIT-20140429-2b

the resistive joint of the current leads. The resistance for this set of contacts
is calculated and the resistive slope is subtracted from the total voltage in
order to calculate the n-value and the critical current. As for the voltages
from the strands, an offset for each pair of taps (before the transition) was
calculated and subtracted from the total voltages. The resistance value is
the coefficient of the linear fit of the resistive slope calculated in a range of

reasonably measured points.

For a comparison of the critical currents from the different voltage taps,
which are different lengths, the I — V' curves are normalized by their length,
as shown in Fig. This normalization already includes the subtraction
of the resistive slopes for the sets of contacts located in the copper leads and
of the offset for the sets of contacts located on the strands. The value equals
to 1 represented by the dashed line in the y-axis of the Fig. corresponds
to the threshold voltage (electric field criterion of 11V em™1) for all contacts.

All -V curve transitions have the same behavior, that is why with respect
to the CORC® cables, one voltage range is used for calculating the n-value of
each I — V curve. The used range is between 0.5pVem™! and 1.5pVem ™.
The critical current of each point located between these two voltage values of
each I —V curve is calculated from eq. using the previously calculated

n-value. The total critical current of a cable is then considered as the mean
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value of those latter calculated values. In order to see the accuracy of the
parameters calculated, new I —V curves are plotted using eq. (4.2)) in full line

in Fig. |4.7(b)
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Figure 4.7: Plots of the I — V' curve measurement from the different voltage taps of
the REBCO RACC-SP-S5 cable, assembled with ten meander strands. (a) The actual
measured I —V curves, (b) Normalized I —V curves of a few voltage taps. The I —V
curve of the contact “Lr” includes the subtraction of its resistive slope. The fits of
the I — V curves calculated from the power law with the calculated n-values and I..

are also shown (full lines).
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Table 4.3: Critical currents and the n-values of the prepared non-striated and striated
RACC cables measured at 77K. The cables consist of ten strands. The contact

resistance, labeled “R.”, for the voltage taps “Lg” are also shown in (n{2).

RACC cables

Contact
ontacts Non-striated (RACC — Rg19)* Striated (RACC — Rg19)*
1. 1004 1040
Lr n 4.7 20.6
R. 12.6 15.6
1. 1199 1020
Tri1
n 47.0 21.0
I 1201 1016
TRro
n 48.0 21.0
1. 1196 993
Trs
n 42.6 12.2
N I, 1176 1027
R 923.7 25.0
T 1. 1098 1014
RS 7.8 19.6
T 1. 1074 1036
R 6.5 26.9
N I 914 1032
RT 5.3 29.7
. I, 1181 1016
RS 23.9 19.1
1. 1199 1013
TRro
n 48.4 18.6
1. — —
TRI()
n — —

*ID: SOx-2015-43

All the calculated values such as the critical currents, the n-values and the
contact resistances of the RACC cables are summarized in Table .3l From
this table, one can observe that the smallest critical current of each cable is
observed from one of its strands. The n-value corresponding to this latter is

also the smallest value.
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4 Critical Current Measurement

Table 4.4: Sum of the I, from the single strands used for assembling the cables that is
compared to the I, measured of their cable. The self field degradation of the critical
current is also shown. The first six rows correspond to the CORC® cables with the
measured critical current from the contact “Lag”. The two last rows correspond to

the results of RACC cables, the measured critical current is from one of the strands.

Sum I, tapes Standard I. measured Self field

Cables (A) deviation (A) reduction (%)
CORC — Cgg 621 1.5 454 26.9
CORC — Cgg 589 3.6 410 30.4
CORC — Cgry 935 1.9 795 15
CORC — Cgg 894 5.3 588 34.2
CORC — Cgri2 1243 1.7 998 19.7
CORC — Cg12 1206 1.8 963 20.1
RACC — Rrio 1461 2.7 914 37
RACC — Rg1o 1298 5.6 993 24

In order to avoid a damage of the cables, the smallest calculated critical
current is taken into account. For CORC® cables, this critical current is the
value of the contact “Lcg” and for RACC cables the value of the contact of
one of the strands. These measurements show that the critical current of a
CORC® cable can be measured with one single voltage tap placed on the inner
side of the current leads and not with the ones located on the tapes as also
observed in [vdLNM™13|. But regarding a RACC cable, the measurement of
all voltage taps can not be avoided because one can not predict which strand

will give the smallest critical current.

Critical Current Analysis

The critical currents of all tapes and strands composing the cables were in-
dividually measured. For each cable, the sum of the critical currents of the
composing tapes or strands was calculated. For each cable the sum of its sin-
gle tapes or strands were calculated. This sum was compared to the critical
current of its corresponding cable previously measured. A reduction value was

defined, which corresponds to the difference (in percent) between the sum of
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4.2 Critical Current of HTS Cables

critical currents of the single strands and the critical current of the cable. This
reduction value is called “self field reduction”. A standard deviation value was
also calculated for all the cables, which indicates the amount of variation of
critical currents of the strands, in order to evaluate the uniformity of the com-
posing strands and its influence on the self-field reduction. These latter values
are summarized in Table .4

For a given number of layers of CORC® cables, the self field reduction
value of the striated CORC® cable is higher than that of the non-striated
CORC® cables. The standard deviation value, for a given number of layers,
increases for cables made with striated cables. This explains why the self field
reduction value is higher with striated cables. On the other hand, the self field
reduction value of RACC cables decreases with the striated cable despite the
fact that its standard deviation values is higher than that of the non-striated

cable. The reason of this is unknown.
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5 AC Magnetization Loss Analysis of
HTS Striated Coated Conductors

In this chapter the applicability of the laser ablation technique for producing
filaments on copper-stabilized coated conductors is investigated. In order to
produce the filaments, two processes were used: Striated After Electroplating
(SAE) and Striated Before Electroplating (SBE). These processes were applied
to coated conductors with two thicknesses of copper stabilization, 5pm and
10 pm thick. More details about the preparation of the samples can be found
in section B.11

From the two processes and the two thicknesses of copper, four batches
of coated conductors were prepared. A batch consists of one unstriated tape
and four striated tapes from 10 filaments to 60 filaments, using one of the
two striation processes and one of the two thicknesses of copper. For this
investigation, the samples are from one manufacturer only, in order to facilitate
the comparison between preparation methods. Tapes with 12 mm width were
chosen for the possibility of producing a certain variety of numbers of filaments
(from 10 to 60).

In section the quality of the groove and the critical current of the
tapes are shown. The groove quality of the 10-filament tape of each batch is
analyzed. Cross section pictures of several grooves, one per batch are made
for this analysis. This allows measuring the thickness of each material layer
surrounding the groove and helps to interpret and support the AC loss mea-
surements. The critical current of each sample with respect to the number
of the filaments is plotted so that the influence of the striation on the criti-

cal current is analyzed. The values of the copper thicknesses and the critical
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5 AC Magnetization Loss Analysis of HTS Striated Coated Conductors

currents are used in the subsequent investigations.

In section the normalized AC magnetization losses are investigated.
The influence of the number of filaments, the frequency and the striation pro-
cess on the AC magnetization loss are shown. First the AC magnetization
losses of all batches are measured as a function of the applied field at a de-
fined frequency. These plots allow observing the influence of the number of
filaments. Then two batches are taken for a more detailed look at the influence
of the frequency. For the two batches, the AC magnetization losses as a func-
tion of the applied field are measured at four frequencies. Those batches differ
in the striation process, but they have a similar copper stabilization thickness.
Finally two striated tapes (10 filaments and 40 filaments) from each batch are
taken for a more detailed look at the influence of the striation process. The
AC magnetization losses of those two tapes are plotted as a function of the
applied field at two different frequencies (6 Hz and 130 Hz) and compared to
an analytic model that represents the lowest limit of the hysteresis losses for
uncoupled filaments.

Finally, in section the contribution of the coupling current to the AC
losses is investigated in order to interpret and support the AC magnetization
loss measurements. The transverse resistivity between the filaments is esti-
mated from the AC loss measurements and compared to that directly mea-
sured in DC experiments. The resistivity is calculated for each 10-filament
tape.

At the end of the chapter a summary of these investigations is presented.

5.1 Tape Properties

5.1.1 Quality of the Groove

Figure shows Scanning Electron Microscope (SEM) pictures of the Focused
Ton Beam groove milling of the SAE and SBE 10-filament tapes with different
copper thicknesses. The principle of the Focused Ion Beam cut is detailed
in [RPO1]. The two layers of platinum visible in all the pictures were added
before Focused Ion Beam cut in order to distinguish the ablation materials

of the filament laser cutting from those resulting from Focused Ion Beam
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5.1 Tape Properties

cutting. In the case of both SBE samples, oxygenation was applied before
copper plating, but it did not result in copper-free laser grooves.

The actual thicknesses of the layers such as superconductor, silver and
copper of the four 10-filament samples were measured from Focused Ion Beam
cuts. The values are summarized in Table 5.1l The actual thicknesses of the
copper stabilization are different from the expected values. This is due to

a technical difficulty with the electroplating technique: namely, the sensitive

(@) SaE-5m ), /7
( » 4 &

20.44 pm i
Hastelloy 5 e ’ Hastelloy

Figure 5.1: Cross section of one laser groove from 10-filament tapes. The Scanning
Electron Microscope (SEM) pictures were taken from one of the nine grooves of the
tapes. The thickness of the copper can vary along the tape. The values indicated
here are the expected values and are used to identify the samples. (a) SAE-5pum, (b)
SBE-5pum, (c) SAE-10 pm, (d) SBE-10 pm.
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5 AC Magnetization Loss Analysis of HTS Striated Coated Conductors

Table 5.1: Thicknesses of copper (fic), silver (fxg) and superconductor (#gry) layers
in the samples shown in Fig. @

SAE-5um SBE-5pum  SAE-10pm SBE-10pm

tcu (pm) 8.6 3.5 15.9 8.1
tag (nm) 2.6 1.7 2.3 1.8
tsc (pm) 1.5 1.2 1.5 1.3

control of the duration of a voltage pulse applied to the cell where the aqueous
solution is located [FDRW™11]. Other parameters of the process, such as the
concentration of the sulfuric acid and of the copper sulfate solution, can also
critically influence the final copper thickness [FDRW™11]. Throughout this
chapter the theoretical values of 5pm and 10pm are kept for labeling the
samples.

In the SAE-5 pm tape (Fig. , the groove is homogeneous in width
(20pm) and it is structured by laser down to the Hastelloy layer. There
are defects visible on both sides of the groove (pointed out by arrows in the
picture), but their composition could not be identified. For the determination
of the groove’s width, these defects are treated as non-existing material.

In the SBE-5um tape (Fig. , the superconducting filaments are still
about 20 um apart, but the groove is partly covered by the copper.

In the SAE-10 ym tape (Fig. , the groove is not well defined: along
its length (direction perpendicular to the Focused Ion Beam cut), one can
observe an uneven surface at the bottom of the groove, composed of melted
materials from the original layers. These materials help the current to flow
between filaments and are therefore cause of electrical coupling.

In the SBE-10um tape (Fig. , the copper is completely deposited
on the groove. In this case, on the left and right side of the groove, cracks
between Ag and REBCO layer are observed and pointed out by arrows in the
picture. The influence of those defects on the superconductor’s quality cannot
be identified with analysis methods presently available. Those cracks were not

excluded from the definition of the laser groove width.

From the SEM pictures, it is clearly visible that the SAE process with
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5.2 AC Magnetization Loss Measurement

thicker copper layer (SAE-10pm) leads to a redeposition of the material in
the groove and it is geometrically inhomogeneous. In the SBE-5pm case,
electrodeposited copper goes partly into laser groove. In the SBE-10 pm case,

copper is deposited on the entire surface of the sample.

5.1.2 Critical Current

In general, filamentized tapes have lower I. than the original unstriated sam-
ple [PAO16], and this has multiple causes: the loss of superconducting mate-
rial, the inhomogeneity of the superconducting material [AMM™ 06, GBMO07,
SPS+13] and the possible damage caused by laser ablation. In the case of
SBE samples, electroplating of the copper can also lower I.: as explained
in [FDRW 11|, the copper electroplating technique uses an aqueous
solution with sulfuric acid If the REBCO surface is exposed to this
acid, it can get damaged. In the case of SBE samples, making grooves opens
the REBCO layer, which becomes vulnerable to an exposure to the acid.
Figure[5.2|shows the measured critical currents as a function of the number
of filaments for the four batches. The continuous line represents the theoretical
critical current that the SAE-5pm tapes would have, based solely on the loss
of superconducting material caused by the laser ablation. Regarding the other
kinds of tapes, the theoretical lines have similar slope but are shifted down or
up to their reference tape. For sake of readability, they are not displayed.
Figure indicates that there is not a well-defined dependence of the
critical current on the striation process. When thickness is considered, the
sample with 5pm has a smaller degradation (with the exception of one data

point).

5.2 AC Magnetization Loss Measurement

AC magnetization losses were measured with the calibration-free method at

77K. More detail of the measurement method can be found in section B.1l
At sufficiently large applied fields, the hysteresis loss in the superconduc-

tor is expected to reduce proportionally to the number of filaments. Mawatari

provided an analytic formula for the loss of an infinite array of superconduct-
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5 AC Magnetization Loss Analysis of HTS Striated Coated Conductors

ing strips subjected to perpendicular field, a geometry that approximates well
a striated coated conductor with electrically uncoupled filaments (introducing
an infinite resistance between filaments) [Maw96]. The formula was experi-
mentally verified in [MZX™09).

Mawatari’s formula represents a lower limit for the hysteresis losses of a
striated tape without taking into account the coupling loss between super-
conducting filaments. The formula was used as a reference to evaluate the
efficiency of the striation process in reducing the losses. The well-known for-
mula by Brandt was used for unstriated tapes [BI93]. Brandt’s expression can
be considered as the upper limit of the magnetization AC losses for this type

of tape.

When considering filamentized tapes, the AC loss reduction could partly
be caused by the reduction of the critical current [AKYT04] and not by the
fact of having well-separated narrow filaments. For this reason, the AC losses
presented here are normalized by the critical current of the corresponding

sample as shown in Fig
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Figure 5.2: Critical currents of the different prepared tapes. The theoretical line for
the SAE-5 pym tapes corresponding to the sole loss of superconducting material is also
shown.
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5.2 AC Magnetization Loss Measurement

QNorm = ?Saimple (5.1)

¢,Sample
In this section the normalized AC magnetization losses as a function of the
magnetic field amplitude are presented. For this purpose, a reduction factor
«, defined as the ratio between the normalized losses of the reference tape and

those of each striated sample, is introduced:

_ QNorm,Ref

o = .
QNorm,Str

(5.2)

Associated to each AC loss plot is a table listing the factor « for an applied
field of 50 mT.

First the AC losses of all batches are compared at 24 Hz. This comparison
allows observing the influence of the number of filaments.

Afterwards, the AC losses of two batches, SAE-5pm and SBE-10pm are
compared at various frequencies (from 6 Hz to 130 Hz). Those two batches
have different striation processes, but a very similar copper thickness, 8.6 pm
and 8.1ypm, respectively. This comparison allows observing the influence of
the frequency.

Then a more detailed look at the AC losses of the samples with 10 filaments
and 40 filaments at two extreme frequencies, 6 Hz and 130 Hz, is given. This

comparison allows observing the influence of the striation process.

5.2.1 Influence of the Number of Filaments

In Fig. the AC magnetization losses versus the amplitude of the applied
magnetic field for all the tapes are shown at 24 Hz. Table [5.2]lists the AC loss
reduction factors for the different tapes for an applied field of 50 mT.

Fig. shows that, for all the considered batches, the losses of the reference
tapes are higher than the predicted ones at fields lower than 10 mT. This be-
havior is commonly reported in the literature [AMM*06], [GBMO07], [SPS™13]
and usually put in relation with the non-uniformity of the sample’s properties
at the edges.

The influence of the number of filaments, however, is different for the

various batches:
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5 AC Magnetization Loss Analysis of HTS Striated Coated Conductors

e SAE-5 pm tapes at 24 Hz — As shown in Fig. [5.3{a), the loss reduction
is higher with higher number of filaments (up to 40 filaments). The AC
loss reduction of the 60-filament tape is less effective than that of the

40-filament tape, but more effective than that of the 20-filament tape.

e SBE-5m tapes at 24 Hz — Figure (b) shows a similar trend as the
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Figure 5.3: AC magnetization loss of the reference, 10-filament, 20-filament, 40-
filament and 60-filament tapes at 24 Hz: (a) SAE-5um, (b) SBE-5pm, (c) SAE-10 pm
and (d) SBE-10 pm.
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5.2 AC Magnetization Loss Measurement

Table 5.2: AC loss reduction factor with respect to unstriated tape at 24 Hz and at
50mT.

Number of Filaments

20 40 60

5pm (8.6 pm) 6.9 10.2 12 11.1

10 pm (15.9 um) 48 45 76 5.1
5pm (3.5um) 2.2 6.3 112 10.2

10pm (8.1pm) 15 15 1.6 2.6

*First value is the expected copper thickness and the value

Process Copper Thickness*

SAE

SBE

in parenthesis is the measured thickness.

previous batch (SAE-5pm), i.e. that the loss reduction is higher with
higher number of filaments, but only up to 40 filaments. One can also
observe that the AC losses of the 10-filament and 20-filament tapes are
higher than those of the SAE-5 pm batch. Regarding the AC loss levels
of the 40-filament and 60-filament tapes, they are very similar, as can
also be seen from the AC loss reduction factors listed in Table (.2

e SAE-10pum tapes at 24 Hz — In Fig. [5.3|c), one can observe two pat-
terns for the AC losses: one for the 10-, 20- and 60-filament tapes and
one for the 40-filament tape. The AC losses of the latter are lower than
those of the first pattern. The AC losses of the 10-filament tape are
between those of the two previous batches (SAE-5pum and SBE-5pum)
and the AC losses of the 20-filament, 40-filament and 60-filament tapes

are higher than those of the two previous batches.

e SBE-10 pm tapes at 24 Hz — Regarding this batch shown in Fig. [5.3(d),
one can also observe two AC loss patterns, but in this case the first
pattern consists of the 10-filament, 20-filament and 40-filament tapes
and the second of the 60-filament tape, which has AC losses lower than
those of the first pattern. The AC losses of all the tapes are higher than
those of the three previous batches (SAE-5um, SBE-5pm and SAE-
10 pm).
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5 AC Magnetization Loss Analysis of HTS Striated Coated Conductors

The behavior of the different batches can also be seen by looking at the
AC loss reduction factors at 50mT listed in Table The AC loss reduc-
tion is higher with higher number of filaments, but up to 40 filaments for the
SAE-5 pm, SBE-5um and SAE-10 ym batches. For a given process (SAE or
SBE), depositing a thinner copper layer allows obtaining larger AC loss reduc-
tions. The lower losses at 24 Hz are obtained with the 40-filament tapes for
the SAE-5um, SAE-10pm and SBE-5 pm samples, as observed in Table
The utilized process has an important influence. For example, the SBE-10 pm
sample has a similar copper thickness to that of the SAE-5 pm sample (8.1 pm
versus 8.6 pm), but significantly lower loss reduction, for all numbers of fila-
ments. This is due to the large coupling losses caused by the presence of a
copper layer all over the sample (Fig. . A more detailed analysis of the

influence of the striation process on the losses is presented in section [5.2.3

5.2.2 Influence of the Frequency

Two batches were selected for the investigation of the influence of the frequency
on the AC magnetization losses. The batches SAE-5pum and SBE-10 pm are
shown, due to the fact that they have two different striation processes but a
similar copper thickness, 8.6 pm and 8.1 pm, respectively.

Figure [5.4] shows the results of the normalized AC magnetization losses
with respect to the applied field amplitude regarding all samples of the SAE-
5um batch. This figure compares four different frequencies (from 6 Hz to
130 Hz). Table lists the corresponding AC loss reduction factors at 50 mT.

e SAE-51m tapes at 6 Hz — In Fig. m(a), one can observe a reduction
of the AC losses due to the striation. The loss reduction is higher with

a higher number of filaments.

e SAE-5um tapes at 24Hz — In Fig. [5.4(b), one can still observe a
reduction of the AC loss level due to the striation, but the reduction of
the AC loss increases with the number of filaments up to 40 filaments.
The level of the AC loss of the 60-filament tape is higher than that of
the 40-filament tape. The gap between the curves with the largest (40-

filament tape) and smallest (10-filament tape) reduction has shrunk in
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5.2 AC Magnetization Loss Measurement

comparison to the gap in Fig. [5.4(a) (6 Hz). The AC loss level of tapes
is higher than that at 6 Hz, which is also listed in Table [5.3]

e SAE-5um tapes at 72 Hz — In Fig. c), one can observe a reduction
of the AC loss level due to the striation, but the AC loss level of all
striated tapes is similar. The AC loss level of the tapes is higher than

that in Fig. [5.4(b) (24 Hz), which is also listed in Table

(a) SAE - 5 um, 6 Hz (b) SAE - 5 pm, 24 Hz
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Figure 5.4: AC magnetization loss of the reference, 10-filament, 20-filament, 40-
filament and 60-filament tapes of the SAE-5um at various frequencies: (a) 6 Hz,
(b) 24Hz, (c¢) 72Hz and (d) 130 Hz.
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Table 5.3: AC loss reduction factor with respect to unstriated tape for the batch

SAE-5um for various frequencies and at 50 mT.

Number of Filaments

10 20 40 60

6 Hz 7.9 139 20.6 22.2

24 Hz 6.9 10.2 12.1 11.1
72 Hz 45 54 51 4.5
130 Hz 34 36 3.0 28

*First value is the expected copper thickness and the value

Process Copper Thickness* Frequency

SAE 5pm (8.6 pm)

in parenthesis is the measured thickness.

e SAE-5m tapes at 130 Hz — In Fig. [5.4|(d), one can observe a reduction
of the AC loss level due to the striation but the AC loss level of all striated
tapes is similar. The AC loss level of the tapes is higher than that in
Fig.[5.4|(c) (72 Hz), which is also listed in Table

At 6 Hz, a lowering of the AC loss level with respect to the number of the
filaments is observed. With increasing frequency the AC losses increase and
the influence of the number of filaments becomes less significant, and finally
disappears at 72 Hz and 130 Hz. This behavior proves the presence of filament
coupling.

Figure [5.5] shows the results of the normalized AC magnetization losses
with respect to the applied field amplitude regarding all samples of the SBE-
10 pm batch. This figure compares four different frequencies (from 6 Hz to
130 Hz). Table lists the corresponding AC loss reduction factors at 50 mT.

e SBE-10pum tapes at 6 Hz — In Fig. m(a), one can observe a reduction
of the AC losses due to the striation. The loss reduction is higher with

a higher number of filaments.

e SBE-10um tapes at 24 Hz — In Fig. [5.5(b), one can still observe a
reduction of the AC loss level due to the striation. But two different AC
loss levels can be distinguished: a first AC loss level for the striated tapes

from 10 filaments to 40 filaments and a second level for the 60-filament
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5.2 AC Magnetization Loss Measurement

tape. The AC loss level of the tapes is higher than that in Fig. [5.5(a)
(6 Hz), which is also listed in Table

e SBE-10um tapes at 72 Hz — In Fig. [5.5(c), one can observe that the

reduction of the AC loss level occurs only for the striated tape with

60 filaments. The other tapes have AC losses similar to those of the

reference tape. The AC loss level of the 60-filament tape is higher than
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Figure 5.5: AC magnetization loss of the reference, 10-filament, 20-filament, 40-

filament and 60-filament tapes of the SBE-10pm at various frequencies: (a) 6 Hz,

(b) 24Hz, (c¢) 72Hz and (d) 130 Hz.
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Table 5.4: AC loss reduction factor with respect to unstriated tape for the batch
SBE-10 pm for various frequencies and at 50 mT.

Number of Filaments

10 20 40 60

6 Hz 3.2 41 45 9.0

24 Hz 1.5 1.6 1.6 27
72 Hz 1.1 1.0 09 1.6
130 Hz 1.0 09 08 1.1

*First value is the expected copper thickness and the value

Process Copper Thickness* Frequency

SBE 10pm (8.1 pm)

in parenthesis is the measured thickness.

that in Fig. [5.5(b) (24 Hz), which is also listed in Table

e SBE-101m tapes at 130 Hz — In Fig. |5.5(d), one can observe that all
tapes (the reference and the striated tapes) have the same level of AC
losses. These AC losses are higher than the AC losses of the 60-filament
tape in Fig. [5.5(c) (72 Hz), which is also listed in Table

At 6Hz, a lowering of the AC loss level with respect to the number of
filaments is observed. By increasing the frequency, the AC loss level increases.
Two AC loss level patterns can be distinguished at 24 Hz and 72 Hz. The AC
loss level of striated tapes from 10 filaments to 40 filaments are close to each
other and are higher than those of the 60-filament tape. At 130Hz all AC
losses have the same level. For 6 Hz and 24 Hz, making filaments reduce the
AC magnetization losses, but at 72 Hz only the 60-filament tape reduces those
losses. At 130 Hz the striation does not influence the reduction of the AC
losses. This behavior suggests the presence of a coupling current that is more
significant for the striated tapes from 10 filaments to 40 filaments.

Tables [5.3 and Tables 5.4l show the AC loss reduction factor of the batches
SAE-5pm and SBE-10pum, respectively. By comparing the values of these
tables, one can observe that the AC loss reduction factor of both batches de-
crease with higher frequency. One can also observe that the AC loss reduction

factor increases with higher number of filaments only at 6 Hz. At this fre-
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5.2 AC Magnetization Loss Measurement

quency the coupling loss is not significant and therefore does not influence the
AC losses.

The comparison of the AC loss reduction factor between the two batches
for all frequencies indicates that the SAE-5pm batch reduces the AC losses
more efficiently than the other batch. This shows that the striation process

plays a role in the reduction of the AC magnetization losses.

5.2.3 Influence of the Striation Process

For analyzing the influence of the striation process on the reduction of the
AC magnetization losses, two striated tapes from the same batches with the
largest difference of number of filaments were chosen. The 10-filament and
40-filament tapes were selected for comparison at two different frequencies,
6 Hz and 130 Hz. These two numbers of filaments were chosen because the
10-filament tapes are those with the smallest number of filaments and because
three of the four 40-filament tapes at 24 Hz (Table have the lowest AC
losses.

Figure [5.6] shows the AC magnetization losses of all the 10-filament tapes
for various frequencies (from 6 Hz to 130 Hz), alongside the theoretical Brandt
and Mawatari curves. Table reports the loss reduction values with respect
to the unstriated tape for an applied field amplitude of 50 mT.

In Table a further number is given (in parenthesis in the table): the
expected loss reduction factor based on Mawatari’s formula, for an applied
field of 50 mT. This factor is similar, but not exactly equal, to the number of
filaments, for two reasons: firstly, due to loss of superconducting material in
the grooves, the filaments are narrower than the width of the unstriated tape
divided by the number of filaments. Secondly, because the considered field
(50mT) is not sufficiently large to reach the high field limit where the loss
reduction proportional to the number of filaments is to be expected.

All reference tapes follow the Brandt curve for field larger than 10 mT, but
the data are not displayed for sake of readability.

e 10-filament tapes at 6 Hz — The AC magnetization losses of the 10-
filament tapes at 6 Hz are plotted in Fig. a). The SAE tapes follow
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5 AC Magnetization Loss Analysis of HTS Striated Coated Conductors

the Mawatari curve. The SBE tapes have higher loss level, due to cou-

pling, which is more pronounced in the SBE-10pm tape. At 6 Hz the

SAE process reduces the AC magnetization loss more effectively than

the SBE one for both copper thicknesses. In particular, for a field of
50mT, the SAE-5 pm and SAE-10 um have losses 7.8 and 6.8 times lower

than the corresponding reference unstriated samples. The SBE-5n1m and
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Figure 5.6: AC magnetization loss of the reference, 10-filament and 40-filament tapes
of the all batches (SAE-5 pm, SAE-10 pm, SBE-5 pm and SBE-10 pm) at two frequen-
cies. Samples as follows using different striation processes: (a) 10-filament tapes at
6 Hz, (b) 10-filament tapes at 130 Hz, (c) 40-filament tapes at 6 Hz and (d) 40-filament

tapes at 130 Hz.
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Table 5.5: AC loss reduction factor with respect to unstriated tape for the 10-filament
and 40-filament samples at 6 Hz and 130 Hz, and at 50 mT.

Number of Filaments

P C Thickness* F
rocess  LOpper LCRHessT HEAUENCY 10 (8.7%%) 40 (37.9%%)

6 7.8 20.6
Spm (8.6pm) 130 3.4 3.0
SAE - :
10um (159 ) 6 6.8 15.1
m . m
i H 130 2.5 2.5
S (35 m) 6 A5 23.1
Hin 9.9 1 130 1.0 4.0
SBE
0 (5.1 ) 6 3.2 45
m . m
i i 130 1.0 0.8

*First value is the expected copper thickness and the value

in parenthesis is the measured thickness.

**In parenthesis, the Mawatari value corresponding to the number
of filaments (10 and 40) and the applied field amplitude (50 mT).

SBE-10 pm have losses 4.5 and 3.2 times lower than the corresponding

reference unstriated samples. These results are summarized in Table[5.5]

e 10-filament tapes at 130 Hz — Figure [5.6(b) shows the AC magneti-
zation losses of all the 10-filament tapes at 130 Hz. One can distinguish
two patterns. The SBE tapes show almost no loss reduction with re-
spect to the unstriated tape and, for fields above 20 mT, the data points
are close to the Brandt curve. On the contrary, the SAE tapes show a
more significant loss reduction and the data points are still far from the
Mawatari limit. The losses of all the tapes are much larger than those

at 6 Hz, because the coupling loss is proportional to the frequency.

e 40-filament tapes at 6 Hz — Figure[5.6](c) shows the AC magnetization
losses of the 40-filament tapes at 6 Hz. One can observe two patterns
here. The AC losses of the SAE-5m, SAE-10 pm and SBE-5pm tapes
are close to the Mawatari limit. The AC losses of SBE-10 pm tape are
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much higher. As reported in Table the corresponding loss reduction

factors of the two patterns with respect to the unstriated tape are around

20 and 5, respectively. At this frequency and number of filaments, the

thickness of the copper stabilization does not significantly influence the

level of AC losses in SAE tapes and SBE tapes with smaller amount of

copper. As observed previously, at such low frequency, the coupling loss

should influence slightly the AC loss level, but it is not the case for the

SBE-10 pm tape. This indicates a strong presence of a coupling loss in

this case.

e 40-filament tapes at 130 Hz — Figure d) shows the AC magne-
tization losses of the 40-filament tapes at 130 Hz. The SBE-10pm 40-

filament sample has similar losses as the 10-filament tape in Fig. [5.6(c)

with similar striation process and copper thickness: no loss reduction
with respect to the unstriated tape. This is due to the fact that both
samples are fully covered by the copper (as shown by the FIB cuts in

Fig.[5.1(d))) and therefore have similar coupling loss level.

As far as the other types of 40-filament samples are concerned, they behave

similarly to each other, which means that the tapes have the same coupling

loss level. The values in Table[5.5|indicate that no process or amount of copper

is preferable, except for the SBE-10 pm tape, which has larger losses (about

three times higher than the other three).

5.3 Coupling Current Contribution to AC Losses

In order to support the behavior of the AC magnetization losses of the different

tapes, the transverse resistivity of the coupling current were calculated from

AC losses and compared to the transverse resistivity measured from direct

transverse resistance measurements. This comparison was done with the 10-

filament tapes.
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5.3.1 Transverse Resistivity Calculation from AC Loss Mea-
surements

In striated tapes there are three main contributions to AC losses. More details
about those losses can be found in section [2.2.1] The hysteresis losses in the
superconducting material are one of them. In this analysis, the filaments are
considered to be electrically uncoupled and their losses are represented by
Mawatari’s formula as B,.

Another loss contribution is given by eddy current losses, which are ex-
pected to occur in the normal metal parts of the tape, such as the Hastelloy,
the copper layers and the silver layers. The eddy current losses per unit volume

of a normal conductor slab are given by [Mil97]

" B
Poo = 72 e (5.3)
where B,, Wy and py. represent the magnetic field amplitude, the width and
the resistivity of the normal conductor, respectively.

The eddy current losses of the SAE-10 pm reference sample, which is the
thicker sample, for B, = 50mT and f = 130 Hz are as follows: P..(Hastelloy) =
8.72 x 107* W, Pg(silver) = 0.0138 W and Pe.(copper) = 0.1433 W. The di-
mensions used in the calculation are a width of 12mm, a length of 0.15m and
a thickness of 60 pm for the Hastelloy, 2.3 um for the silver and 15.9 pm for
the copper. The resistivities used for the Hastelloy, the silver and the copper
are 1.2411Qm, 3nQm [AKY 04| and 1.9 nQ2 m, respectively.

The comparison of the eddy current losses with the 10-filament Mawatari
value, which is the lowest losses that the 10-filament sample can produce and
that is equal to 0.316 W, shows that the eddy current in the Hastelloy and the
silver layers can be neglected, but those in the copper layer have to be taken
into account. In the case of SAE sample, which has two copper layers, the
eddy current losses in the copper are estimated to be 0.2866 W, which is not
very distant from the losses in the superconductor calculated with Mawatari’s
value. This means that if one wants to achieve the Mawatari value, the tape
has to operate at low frequency in order to reduce those losses present in the

copper.
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5 AC Magnetization Loss Analysis of HTS Striated Coated Conductors

The third contribution to the AC losses is the coupling losses. They occur
due to the resistance between filaments. The formula of these losses per unit
volume of the superconducting layer is given by |[CO06]

a:gﬁﬂz (5.4)
Ptr
The coupling loss can be deduced from the total AC losses

P=DP,+ P+ P, (5.5)

and used to calculate the transverse resistivity py,. The latter is compared,
later in this chapter, with the transverse resistivity calculated from the trans-
verse resistance measurement of the 10-filament tapes.

The transverse resistivities evaluated from eq. with the coupling loss
calculated from eq. are equal to 8.02nQ2m, 1.18 nQ2m, 4.98n2m and
0.90 nQ2m for the samples SAE-5pum, SBE-5um, SAE-10 pm and SBE-10 pm,

respectively.

5.3.2 Transverse Resistivity Measurement of the 10-filament
Samples

The inter-filament resistance value can give information about the quality of
the groove from an electrical point of view and therefore about the possible
paths of the coupling currents.

In order to calculate the transverse resistance of the tape, a small DC cur-
rent (200mA) in the two outer filaments of 10-filament samples was injected
and the voltage between a given filament and the outer filament used as refer-
ence was measured in a liquid nitrogen bath at atmospheric pressure (77 K).
The resistance values were derived from the resulting current-voltage curves.
The experimental setup and results are described in detail in [GGJT16].

Figure shows the inter-filament resistance values of the SAE and SBE
tapes with different thicknesses of copper. Those values are compared to the
resistances of the Hastelloy and the copper, assuming electrical resistivities of
1.241Qm [DVK™'14] and 1.9nQm [MCdS™14], respectively, thicknesses of the
copper layer as in Table and 150 mm long samples.
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5.3 Coupling Current Contribution to AC Losses

For the SAE-5 pm tape (Fig. , the resistance value of the first point
has a big jump, which corresponds to the barrier resistance between the super-
conducting layer and the Hastelloy. The slope of the points in the middle of the
graph indicates where the current tends to flow. In this case the slope is be-
tween that of the copper and that of the Hastelloy. As explained in |[GGJ™16],
this indicates that the current splits into two paths: the first one where the
current flows into the barrier resistance and then the superconducting layer,
and the second path where the current flows into the Hastelloy.

Regarding the SBE-5um tape (Fig. , the transverse resistance is
close to that of the 3.5pm copper layer. In this sample, the current flows
through copper, as the groove is partly covered by copper (Fig. of this
thesis and Fig. 6 of [GGJT16]).

In the SAE-10 um tape (Fig. , the transverse resistance is far from
the curve corresponding to the actual copper thickness (15.9pm), because
there is some redeposited material in the groove after laser striation (Fig.[5.1(c))),

but not a complete copper coverage caused by the electroplating as in the case

4 5
x107 . . . . 2519 . .
-©-SAE-5 um [10] —k-SAE-10 um
5t = = Cu - 8.6 ym shifted - =-Cu-159um
SBE-5 um [10] ~5-SBE-10 ym
Cu-35pym (/L e Cu-8.1um
——Hastelloy - 60 um 2r ——Hastelloy - 60um
s
c S5t
83t 8
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g 8
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Figure 5.7: Transverse resistance of 10-filament SuperOx tapes for the four striation

processes. (a) SAE-5pm and SBE-5um replotted from [GGJT 16|, (b) SAE-10um
and SBE-10 pm.
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5 AC Magnetization Loss Analysis of HTS Striated Coated Conductors

of the SBE-10 pm tape.

In the SBE-10pum tape (Fig. [5.7(b)), the transverse resistance approxi-
mately follows the curve for the 8.1 pm thick copper. This indicates that the

current flows through the copper stabilization, which completely covers the
groove (Fig.|5.1(d)).

The transverse resistance resulting from a current flowing between two

filaments is given by

w
Rtr — ptrﬁbr (56)

where w is the sum of the widths of one filament and of one groove, L the
length of the sample and ¢y, the thickness of the barrier. The latter is equal
to the thickness of the superconducting layer for the samples with 5pm of
stabilizer and equal to the depth of the groove for the samples with 10 pm of
stabilizer. The depth of the groove is approximately equal to the thickness of
the copper, the silver and the superconducting layers. The transverse resis-

tance measurement of a sample with N filaments can be written as (N —1) Ry,.

Equation is used to extract the transverse resistivity from the mea-
surement of the resistance in Fig. The extracted values are equal to
10.381n02m, 0.80n2m, 5.68n2m and 2.30n{2m for the samples SAE-5nm,
SBE-5pum, SAE-10 pm and SBE-10 pm, respectively. The transverse resistiv-
ities evaluated in section from the coupling loss are equal to 8.02n{2m,
1.18 nQdm, 4.98n2m and 0.90n2m for the samples SAE-5pm, SBE-5num,
SAE-10pm and SBE-10 pm, respectively.

The transverse resistivities of the transverse measurement agree rather
well with those calculated from the coupling loss, except for the sample SBE-
10 pm. The transverse resistance measurement of the sample SBE-10 pm is not
representative of the coupling current flowing between filaments. This sample
is fully covered by the copper and thus the measurement shown in Fig. [5.7(b)]

gives simply the resistivity of the copper.
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5.4 Summary

In this chapter, the AC magnetization loss results of tapes prepared with two
different striation processes (SAE and SBE), with two different thicknesses
of copper stabilization and various numbers of filaments, up to 60, were pre-
sented.

For all samples, making filaments helps to reduce the AC losses. The
AC loss reduction is higher with higher number of filaments. The 40-filament
tapes have the largest loss reduction factors (for the SAE-5 um, SBE-5 pm and
SAE-10 pm batches).

However, the expected level of loss reduction (given by the Mawatari for-
mula) is only obtained at low frequencies (6 Hz). In all the other cases the
coupling losses are substantial, sometimes dominant. The presence of a path
where the coupling currents can easily flow has been confirmed by SEM images
of the grooves and by transverse resistance measurements.

Based on the results presented here, the loss reduction strongly depends
on the striation process and on the copper thickness. Within each process
(SAE or SBE), the thinner copper layer allows reducing more effectively the
AC losses and limiting coupling. For a given number of filaments, no process is
preferable, except for the 10-filament case, where the SAE process has always
the larger loss reduction. This is because the grooves of the 10-filament SBE
tapes are filled by copper: partially with the 5 pm stabilization, wholly with
the 10 pm stabilization. This causes large coupling losses. The SBE-10pm
tapes have always the larger losses, for any number of filaments, because the
grooves are fully covered by copper.

One has to note that the use of SAE tapes in applications can be hin-
dered by delamination problems, which have been reported by other au-
thors [KKL™16]. Further investigations on this potential problem are therefore
necessary. But considering the complexity and duration of the two processes
and the AC loss results shown here, the SAFE process seems to be the preferable
option.

The transverse resistivities evaluated from AC losses agree with those di-

rectly measured using DC current, except for the SBE-10 pm sample, where
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5 AC Magnetization Loss Analysis of HTS Striated Coated Conductors

the presence of a copper layer over all the sample prevents a direct comparison.
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6 AC Magnetization Losses of HTS
High Current Cables

In this chapter the applicability of striations as means to reduce AC losses
in HTS cables is investigated, with focus on CORC® cables. The CORC®
cables were assembled by Advanced Conductor Technologies [Tec| with tapes
from SuperPower [Supc].

This chapter is divided in three sections: Section shows the investiga-
tion of the AC magnetization losses of the tapes that were used for assembling
the CORC® cables. Based on the results presented in chapter [5], supercon-
ducting tapes with 5 um-Cu stabilization were selected and the Striated After
Electroplating (SAE) process was used for making the striations. Section
shows the AC losses of CORC® cables. Section [6.3shows AC loss comparisons
between CORC® and RACC cables. Finally, section provides a summary
of the results of this chapter.

In this chapter, two types of AC losses are shown: the AC magnetization
losses, denoted as Qac,m (for tapes and cables), and the AC losses caused by
the simultaneous presence of an AC transport current and an AC background
field, denoted as Qac,tm (for cables).

6.1 AC Losses of 4 mm Wide HTS Tapes

Seven SuperPower tapes were prepared, six striated tapes (from 3 filaments
to 30 filaments) and one non-striated tape, which was used as reference. Sec-
tion [3.1] details the preparation of these tapes. A width of 4 mm was preferred

to 12mm for three reasons: firstly, by using three 4 mm wide tapes, one can
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6 AC Magnetization Losses of HTS High Current Cables

expect to have 3 times lower magnetization losses than with one 12 mm wide
tape (the 4 mm wide tapes can be viewed as a 12 mm wide tape striated into
3 filaments). Secondly, for a given former radius, the 12mm wide tape un-
dergoes a larger strain than the 4 mm wide tape. This strain can significantly
lower the critical current of the tapes, when they are assembled in the ca-
ble structure [vdLEO7,vdL09,vdLWN™16]. Thirdly, using narrower tapes also
allows the possibility of a smaller former radius, thus increasing the cable’s
engineering current density.

The investigation of these single tapes consists in analyzing their properties
such as the critical current and the AC magnetization losses, in order to find

the appropriate tape candidate for assembling CORC® cables.

6.1.1 Tape Properties

The critical current of the striated tapes were measured before and after mak-
ing the striations. The critical current of the tapes before striation is 103+1 A.
The value 103 A is taken as representative of the unstriated tapes.

Figure [6.1] shows the critical current of the striated tapes normalized by
the corresponding critical current measured before striating them and plotted
as a function of the number of filaments. The number next to each data point
indicates the width of the filaments in pm. The continuous line represents the
theoretical critical current that should be expected in striated tapes, based
solely on the loss of superconducting material.

The critical current reduction caused by striation of the tapes is not signif-
icant only for tapes with 3 filaments, 5 filaments and 7 filaments, for which the
reduction is 0.7 %, 3.5% and 4.7 %, respectively. In tapes with 10 filaments,
20 filaments and 30 filaments, the reduction is 12.4 %, 35.7% and 54.4 %, re-
spectively. These reduction values were calculated with respect to the critical
current measured before making the striations. The tapes with 10 filaments,
20 filaments and 30 filaments exhibit some degradation of their transport ca-
pability: in Fig. this can be seen by the fact that the data points are far
from the theoretical line. The tapes with 3 filaments, 5 filaments and 7 fila-
ments are therefore the most suitable candidates for assembling the CORC®

cables.
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6.1 AC Losses of 4 mm Wide HTS Tapes

For assembling the CORC® cable, tapes with 5 filaments were chosen,
so that the CORC® cables could be compared with previously built RACC
cables, assembled from tapes with 5 filaments [KVK™16].

Figure shows a Scanning Electron Microscope cross section picture of
the Focused Ton Beam cut of one of the grooves of the 5-filament tape. One
can observe that the filaments are well separated by a groove that is cut down
to the Hastelloy layer. The width of this groove is around 20 pm. From this
cross section picture, one can expect the coupling loss of such a striated tape
to be small, because the coupling current can only flow through the Hastelloy,

which has a large resistivity (1.24 pQm).

c,Sample (
o o o o
o)) ~ [e") ©

Critical Current per Tape /

o
3

—Theoretical Ic Reduction 114 o}
-©-SP -4 mm -5 um-Cu

1 3 5 7 10 20 30
Number of Filaments

Figure 6.1: Critical current of 4mm wide tapes normalized by the corresponding
critical current measured before striating them. The continuous line represents the
theoretical critical current that should be expected in striated tapes, based solely on
the loss of superconducting material. The number next to each data point indicates
the width of the filaments (pm).
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e 10 ym

Figure 6.2: Scanning Electron Microscope cross section picture of the Focused Ion
Beam cut of one of the grooves of the 5-filament tape.

6.1.2 AC Magnetization Losses of HTS Tapes

The measurement of the AC magnetization losses was carried out with the
calibration-free method at 77 K. This method of measurement is detailed in
section In the following, the influence of the number of filaments and of

the frequency on AC losses is investigated.

Influence of the Number of Filaments

Figure shows the AC magnetization losses (normalized with respect to
the critical current) as a function of the applied field amplitude at various
frequencies. A loss reduction factor (formula at 50mT was calculated for
each striated tape and reported in Table

As already observed for the samples measured in chapter [5, the AC mag-
netization losses of the reference (non-striated) tapes at fields lower than
10mT are larger than those predicted by Brandt’s formula . This
happens for all frequencies, it has been reported in the literature and it is
commonly ascribed to the non-uniformity of the sample’s properties at the
edges [AMM™06,GBMO07,SPS*13].

The AC losses of the striated tapes at different frequencies are as follows:
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Figure 6.3: AC magnetization losses of the SuperPower 4 mm wide tapes with respect
to the applied field amplitude at various frequencies: (a) 24Hz, (b) 72Hz and (c)
130 Hz. Black arrows are also drawn to indicate the start of the reduction of the AC

losses for the striated tapes.
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Table 6.1: AC loss reduction factor of all striated tapes with respect to unstriated
tape at various frequencies (24 Hz, 72 Hz and 130 Hz) and at 50 mT.

Number of Filaments*

Fredquency o o6y 5(45) 7(64) 10 (93) 20 (20.2) 30 (32.3)
24 Hz 33 46 63 8.1 9.1 20.3
72Hz 24 41 54 6.6 74 6.6
130Hz 2.6 40 6.3 6.4 6.8 4.3

*The first value is the number of filaments and the value in parenthesis is
the reduction factor (calculated with Mawatari’s formula) corresponding to

the associated number of filaments and the applied field amplitude (50 mT).

e SP-4 mm tapes at 24 Hz — The AC losses decrease with higher number
of filaments as shown in Fig. [6.3(a) and in Table At this frequency,
the background noise for a field larger than 20 mT is of the same order
of magnitude than the AC losses of the 30-filament tape. That is why
the AC loss curve is a bit wavy. At this low frequency the lower limit
of the measuring system can be achieved by striated tapes, which have

significantly reduced losses.

e SP-4 mm tapes at 72 Hz — The AC losses decrease with higher number
of filaments up to 20 filaments as shown in Fig. 6.3(b) and in Table
The 20-filament and 30-filament tapes have similar AC losses.

e SP-4 mm tapes at 130 Hz — The AC losses decrease with higher number
of filaments up to 20 filaments as shown in Fig. 6.3|(c) and in Table
The AC losses of the 30-filament tape are between those of the 7-filament
and the 10-filament tapes up to 40mT, then between those of the 5-
filament and the 7-filament tapes up to 60 mT, and between those of the
3-filament and the 5-filament tapes at higher fields.

As already observed for the samples measured in chapter [5 the reduction
of the AC losses for the striated tapes starts at fields of a few mT (3-5),
which are indicated by arrows in Fig. [6.3] At lower fields the losses of the
striated tapes are higher than those predicted by Brandt’s formula. This is

94



6.1 AC Losses of 4 mm Wide HTS Tapes

because in the case of striated tapes the field penetrates into a larger volume of
superconductor than in the non-striated case, where the center of the tape is
more effectively screened from field penetration [Maw96,MZXT09,[TVG™11].
From Fig. [6.3] one can note that, in general, the AC losses decrease with
higher number of filaments up to 20 filaments and that the AC losses of the
30-filament tape increase with higher frequency. This can be interpreted by
the presence of a coupling loss. The increase of the coupling losses with higher
number of filaments has also been observed in chapter [5| and in [DVK™14].

Influence of the Frequency

In order to observe the influence of the frequency on the AC magnetization
losses, one can compare the values of the reduction factor in Table (vertical
reading). The reduction factor values of the striated tapes between 3 filaments
and 7 filaments are similar for the three frequencies. On the other hand,
the reduction factor values of the striated tapes between 10 filaments and
30 filaments decrease with higher frequencies. This indicates that the latter
tapes have in addition a coupling loss that the tapes up to 7 filaments do not
have. An example of AC losses of the 5-filament and 20-filament tapes at all
frequencies is shown in Fig.

Figures[6.4|a) and[6.4b) show also the Mawatari limit (dashed line), which
represents the lowest limit that a striated tape can achieve when only hysteresis
loss is considered. At fields larger than 20 mT, the losses of the 5-filament tapes
follow the Mawatari limit, for all frequencies (Fig. |6.4(a)). This means that
the coupling losses are negligible and therefore the filaments can be considered
to be not coupled. On the contrary, the tapes shown in Fig.|6.4(b) are slightly
separated from each other (the values in Table show better this difference)
and are well above the Mawatari curve. On the other hand, when the AC
magnetization losses of Mawatari are normalized by the actual critical current
of the tape, then this new limit (light blue curve in Fig. [6.4{b) is closer to
the AC magnetization losses of the 20-filament tape at 24 Hz, but still lower
than the latter. So, in this case, coupled filaments are the reason of this loss

increase.
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Figure 6.4: Normalized AC magnetization losses by the critical current of two striated
SuperPower 4 mm wide tapes with respect to the applied field amplitude at various
frequencies (24 Hz, 72Hz and 130 Hz): (a) the 5-filament tape, the Mawatari limit for
a tape with 5 filaments is also shown (green dashed line) and (b) the 20-filament tape,
the Mawatari limit for a tape with 20 filaments as well as the Mawatari limit using

the critical current of the actual tape are also shown (green and light blue dashed
lines, respectively).
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6.2 AC Losses of HTS CORC® Cables

As detailed in section six CORC® cables were prepared with three
different number of layers (2 layers, 3 layers and 4 layers). For each number
of layers one cable was assembled with non-striated tapes used as reference
and one cable was assembled with striated tapes. Tapes with 5 filaments were
used for assembling the striated CORC® cables.

In this section the influence of striations as means to reduce the AC losses
of CORC® cables and the influence of the number of layers on AC losses
are investigated. The AC loss measurements were carried out at 77K and at
130 Hz with the calorimetric method described in section

In order to show the influence of striations, two types of AC losses are
measured: the AC magnetization losses Qac,m and the AC losses caused by

the simultaneous presence of an AC transport current and an AC magnetic
ﬁeld QAC,tm-

The AC magnetization losses of the cables with 2 layers and 3 layers were
too low to be measured by the calorimetric method. The non-striated ref-
erence cables assembled with 2 layers and 3 layers showed severe irreversible
degradation while measuring them. That is why only the AC losses of the
non-striated reference 4-layer CORC® cable and all striated CORC® cables

with all layers were measured.

In order to show the influence of the number of layers, the AC losses QAc,tm
of the striated CORC® cables with different number of layers were measured.
In this measurement the background field was chosen to be proportional to
the transport current. This reproduces the condition usually found in coils,
where the cable is subjected to the transport current and the magnetic field
generated by the coil itself. The following ratios § of proportionality between
field and current were used: 33puTA~!, 66 uTA~! and 100pT A~L. If one
takes as example the ratio 100 pT A~! and an amplitude of current of 300 A
carried by the cable, the corresponding external magnetic field applied to the
cable is 30 mT.
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6.2.1 Influence of Striations

AC Magnetization Losses (QAcm)

Figure [6.5] shows the AC magnetization losses of the non-striated and striated
4-layer CORC® cables with respect to the amplitude of the applied magnetic
field. The curves intersect at an applied field of 26 mT, below which the AC
losses of the striated sample are higher than those of the non-striated sample.
Above that field, the striated sample has lower AC magnetization losses. The
behavior of the two AC loss curves is similar to that observed in section[5.2]and

section for single tapes, which is explained by the fact that in the case
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Figure 6.5: AC magnetization losses with respect to the amplitude of the applied
magnetic field of the 4-layer CORC® cable with non-striated tapes and the 4-layer
CORC® cable with striated tapes. These measurement were carried out at 130 Hz

and at 77 K.
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of striated tapes the field penetrates into a larger volume of superconductor
than in the non-striated case, where the center of the tape is more effectively
screened from field penetration [Maw96,MZXT09, TVGT11].

For an applied field of 50mT and a frequency of 130 Hz, the reduction
factor of a single striated tape with 5 filaments is 4 as shown in Table
Regarding the reduction factor of the CORC® cables, which is equal to 1.7,
the striations reduce the AC magnetization losses but not as much as expected
from a single tape. This lower reduction of the AC losses is probably due to
the fact that the inner layers are actually shielded by the outer layers of the
CORC® cable.

AC Losses of the Simultaneous AC Transport Current and AC Mag-
netic Field (Qac,tm)

Figure shows the AC loss measurement of the simultaneous AC transport
current and AC background field Qac tm of the non-striated and the striated 4-
layer CORC® cables. The measurement of the AC transport losses, denoted
as Qac,, of the non-striated cable is also plotted in order to get a rough
estimation of their contribution to the total AC losses QAc,tm-

When a background magnetic field is applied (5 # 0) the AC losses of the
striated samples intersect those of their corresponding non-striated samples
for all field ratio § values, as observed in Fig. [6.3] Fig. and Fig. |6.5) and
section 5.2 The losses of the non-striated and of the striated cable increase
with higher 8 values. This is expected because losses increase with higher
applied fields B,.

At an applied current of 800 A, the AC losses Qac,tm of the non-striated
cables corresponding to a f = 33pTA~! (blue cross marker line) are 3.5
times larger than the AC transport losses Qac (blue square marker line).
This indicates that the contribution of the AC transport losses in the AC
losses caused by the simultaneous AC transport current and AC background
field is small. The contribution of the AC transport current is even smaller
for the AC losses measured for a larger 5.

In this Fig. [6.6] the losses computed with the analytical monoblock model

are also plotted in order to observe its adequacy with the AC transport losses.

99



6 AC Magnetization Losses of HTS High Current Cables

The expression of monoblock model in loss per unit length and per cycle is

given as follows [VM95| and described in section m

2
Quoncbiock = A2 75 (2~ FWFA+2(1~ Fh)n(1 — FR)}  (6.1)
with h = (D?—D?)/D? and F = I, /I.. D, is the outer diameter of the cable,
Dy the outer diameter of the former, I, the transport current amplitude of the
cable and I, the critical current of the cable.

Two reasons can be the cause of this difference: first, the fact that the other
AC losses such as the eddy current and the transverse resistance between the
tapes are not calculated and not considered in the model, which calculates

only the hysteresis losses of the superconductors. Second, the fact that the
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Figure 6.6: AC losses Qac,tm of the 4-layer non-striated and 4-layer striated CORC®
cables for different background field amplitudes with respect to the amplitude of the

applied current.
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6.2 AC Losses of HTS CORC® Cables

model is not perfectly representative a CORC® cable. In particular, the model
simulates a hollow cylinder, and the lateral gaps between the tapes are not
taken into account. In the real cable, the magnetic field penetrates in these
gaps, and is oriented perpendicularly to the flat face of the coated conductor.
This can cause a substantial AC loss, which can be comparable or even higher
than that calculated by the monoblock model.

Figure shows that the AC transport losses Qac take a small share of
the AC losses QAc,tm- In order to know the real contribution of AC transport
losses Qac,s and AC magnetization losses Qac,m to the AC losses Qac,im, the
three types of losses are plotted in Fig. [6.7|(a).

The losses of the 4-layer CORC® cable assembled with non-striated tapes
are plotted as a function of the applied current in this figure. The AC losses
QACtm measured with a background field of 3 = 100pT A~ were selected.
The applied field values corresponding the AC magnetization losses were con-
verted to applied current with the ratio f = 100pT A~! so that they fit to
the figure. Regarding the AC transport losses, a fitting curve was calculated
with a linear function on log-log scale (gradient equal to 2.34) in order to get
the AC loss values corresponding to low applied current values. This fit is
also plotted in Fig.|6.7((a). The sum of the AC magnetization Qac m with the
latter fit is plotted as well.

The sum is not equal to and is smaller than the AC losses Qac,tm- The
sum is very close to the AC magnetization losses Qacm (5% higher at 510 A,
hence 51 mT). The gap between the losses is better observed with the zoom in
Fig.[6.7(b). The AC magnetization losses are not that far from the AC losses
caused by the simultaneous presence of an AC transport current and an AC
background field, which is 30 % higher at 51 mT. Consequently, the share of
the AC transport losses Qac,; in the AC losses Qac,tm is again observed to
be small and the AC losses Qac,tm are mainly AC magnetization losses.

So, in order to get a rough estimation of the AC losses Q¢ tm, one can
measure solely the AC magnetization losses Qac,m. The AC magnetization
losses are more advantageous to be measured because they much require less
equipment, in terms of power sources, lock-in amplifiers, and Rogowski coils.

In addition the AC magnetization losses can be measured by other techniques
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6 AC Magnetization Losses of HTS High Current Cables

such as the calibration-free method shown in section That brings more

flexibility to such a measurement.
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Figure 6.7: Qactm (ratio: 100pT A~!) of the 4-layer non-striated CORC® cable
with respect to the amplitude of the applied current: (a) the AC magnetization losses
and the AC transport losses of the this cable are also shown. A fitting curve was
calculated with a linear function on a log-log scale for visualizing the AC transport
losses at low current amplitudes in order to compare it with the AC magnetization
losses Qac,m and (b) zoom in order to better see the difference between the AC losses
Qac,tm and the sum of the AC magnetization losses Qac,m with the AC transport

losses Qac,t-
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6.2 AC Losses of HTS CORC® Cables

6.2.2 Influence of Layers

The AC losses Qac,tm of the three striated CORC® cables with respect to the
various field ratios 3 are plotted in Fig. as a function of the amplitude of
the applied current. These cables differ in terms of the number of layers (2

layers, 3 layers and 4 layers shown in (a), (b) and (c), respectively of Fig. [6.8).
For a given CORC® cable, the gradient of the AC loss curves changes with

the value of the ratio 8. The gradient becomes lower with higher 5 values.
This was also observed with the AC magnetization losses (Fig. for single
tapes and Fig. for cables), which sees the value of their gradient changed
to be smaller with higher applied magnetic field. So, the gradient is smaller
when the applied field approaches the saturation.

Also for a given cable, one can observe that if the AC losses, corresponding
to the three various § values, continue beyond the critical current of their
corresponding cable, which are represented by the fitting full lines in Fig. [6.8]
then the AC loss curves measured at 3 equal to 33pT A~ and 100pT A~!
intersect each other. The crossover points are shown by vertical black arrows
in the figure. When the AC loss curve measured at 3 equal to 66 p T A1 is
not too wavy, as shown in Fig. [6.8|c), then it is close to intersect the two
others at the same crossover point. This latter is equal to 830 A, 1680 A and
3920 A for the 2-layer, 3-layer and 4-layer CORC® cables, respectively. The
value of these crossover points are equal approximately to number of layers
times the critical current of their corresponding CORC® cables, which are
410 A, 588 A and 963 A for respectively, 2 layers, 3 layers and 4 layers. As
explained for a single tape in [DGZG16], the critical current can be deducted
from the AC transport losses of a current beyond of the critical current of the
sample, which is partly the case here because AC losses Qac,tm is caused by

the simultaneous AC transport current and AC background field.

Consequently, the calculation of the critical current from AC loss mea-
surement can be done instead of the regular DC characterization. Using AC
current can be beneficial for two reasons: first, the use of AC current causes
less heat dissipation than DC current at the same amplitude. An excessive

heat dissipation can damage the sample (tape or cable) when this latter do not
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6 AC Magnetization Losses of HTS High Current Cables

have a good thermal stability. Second, the flexibility of supplying AC current.
For example, for supplying AC current into tape or cable, the same AC power

source can be used, helped by a transformer in order to increase the current.
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Figure 6.8: AC losses Qac tm of all striated CORC® cables for different background
field amplitudes S as a function of the amplitude of the applied current: (a) AC losses
of the 2-layer CORC® cable, (b) AC losses of the 3-layer CORC® cable and (c) AC

losses of the 4-layer CORC® cable.
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6.2 AC Losses of HTS CORC® Cables

The difference between the critical current of the CORC® cables is large.
The critical currents of the CORC® cables are 410 A, 588 A and 963 A for
2 layers, 3 layers and 4 layers, respectively. That is why the AC losses of
the three striated CORC® cables were normalized by the critical current in
Fig.

One can observe that the AC losses of a given CORC® cable is equal
to those of a cable with one more number of layer when the field decreases
(smaller ) and one less number of layers when the field increases (higher
/3). This happens for example for the AC losses of the 2-layer CORC® cable
(measured at a B equal to 100nT A~!) that are similar to those of the 3-
layer and 4-layer CORC® cables (measured at a § equal to 66T A~! and
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T T T
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-(9-3 layers, 3 = 100 uT/A
-\/- 3 layers, (3 = 66 uT/A
->(-3layers, 8 = 33 uT/A
-(O-4 layers, 5 =100 uT/A
-/~ 4 layers, 3 = 66 uT/A
-X-4 layers, 3 = 33 uT/A
_E_QAC,t’ 12 non-striated tapes [Pls) i %
4L = i
o 10 ‘V
S~
E
<@
3]
>
L
2
E
o
Oz
10°F
10°

0.4 0.6 0.8 1
L1
a C

Figure 6.9: Normalized AC losses of the three striated CORC® cables with respect to

the normalized transport current amplitude for different background field amplitudes

B.
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6 AC Magnetization Losses of HTS High Current Cables

33T A1, respectively).

So, in a range of current within the critical current of the three CORC® ca-
bles and a given limit of losses, lowering the number of layers allows increasing
the background field.

6.3 AC Loss Comparison Between HTS CORC® and HTS
RACC Cables

In this section the AC losses of the CORC® cables investigated in section
are compared to the AC losses of their direct cable competitors, which are the
RACC cables.

The section contains two investigations. Firstly, the AC losses of non-
striated cables are compared in order to observe the applicability of the cable
structure for reducing the AC losses. Secondly, striated cables are investigated
in order to observe the applicability of the striations for better reducing the

AC losses with respect to the non-striated cables.

6.3.1 AC Losses of Non-Striated Cables

Cables having a similar critical current value, 998 A and 914 A were selected for
this investigation for CORC® and RACC cables, respectively. The CORC®
cable was assembled with 12 non-striated 4 mm wide tapes over 4 layers and
the RACC was assembled with 10 non-striated 5.5 mm wide strands. Both
were electroplated with 5pm of copper for stabilization. The measurement of
the AC losses Qac,tm for various amplitudes of the background field is shown
in Fig.

The AC losses of the CORC® cable are 2 times lower for 8 equal to
100pT A1, 3 times lower for 8 equal to 66 pT A~'and 5 times lower for j
equal to 100 T A~! than those of the RACC cable for a given applied current
as observed in Fig.

This difference comes from the shape of the cable and the position of the
cable strands with respect to the applied field. Regarding the RACC cable,
the field is applied perpendicularly to the cable strands, which is the the

orientation for which the AC losses are the highest. In contrast, the tapes
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6.3 AC Loss Comparison Between HTS CORC® and HTS RACC Cables

of the CORC® cable experience a field of various orientation, varying from
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~7#CORC, 4 =66 UT/A
~%-CORC, =33 uT/A
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Figure 6.10: AC losses Qac,tm Of the non-striated 4-layers CORC® cable (SP) and the
RACC non-striated 10-strand cable (SOx) for different background field amplitudes:
(a) with respect to the amplitude of the applied current I, and (b) with respect to
the amplitude of the engineering current density J.. The AC loss data were taken

rom (KVECTS,
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6 AC Magnetization Losses of HTS High Current Cables

perpendicular to parallel. Those different positions of strands with respect to
the field produce AC losses between the perpendicular and parallel cases. In
addition the CORC® cable has a smaller twist pitch, which can also help to
reduce the losses.

Figure shows the same AC losses QAc tm than in Fig. but
now plotted as a function of the engineering current density of the cables. For
a given ratio of background field and an AC loss level, the RACC cable has
a larger engineering current density. This can be explained by the fact that
the tapes of the CORC® cables are wound around a former, which lowers the
engineering current density. In CORC® cable, a raise of this current density
can be obtained by reducing the diameter of the former.

As shown in [vdLWNT16|, a former diameter of 3.2mm was used for as-
sembling a CORC® cable with 4 mm wide tapes and 50 pm thick substrate
without significant degradation of the critical current. By assuming the same
tapes used in this manuscript and no degradation of the critical current, the
new engineering current density calculated with the smaller former is shown
in Fig (dashed lines). Smaller former can be used with tape having
smaller width and substrate. So, in term of AC losses and current density,

CORC® cable with smaller former can be a good candidate.

6.3.2 AC Losses of Striated Cables

Figure shows the AC losses of the two RACC cables and the two CORC®
cables measured with a background field of 100 pT A~!. One with non-striated
strands and one with striated strands (5 filaments) for RACC and CORC®
cables. As also observed in section the striated CORC® cable reduces
the AC losses after the crossover point, which is 400 A. Regarding the RACC
cables, the AC losses of the non-striated and striated cables have a similar
level of AC losses and their gradient coefficient are also similar. Consequently
the striations made on the RACC cable strands do not reduce the AC losses.

The fact that the striations do reduce the AC losses of a CORC® ca-
ble [SGKT13] and not significantly of a RACC cable is due to the filament
geometry on the cable. The filaments in CORC® cables are transposed within
each layer while those in RACC cables are not. If one takes one of the fila-
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6.4 Summary

ments that is located on one of the edges of the tape or strand for example,
then this filament goes, at the half of the transposition length, to the opposite
cable edge in the CORC® cable but not in a RACC cable.

6.4 Summary

The investigation of the AC losses of seven 4 mm wide and 5 pm thick copper
tapes with various number of filaments showed that the fact of striating the
tapes reduces the AC magnetization losses. Those losses decrease with higher
number of filaments until a certain limit, here 20 filaments. The most suitable
candidates to be used for assembling a CORC® cables were the tapes with

0
10 T T T T
-©-RACC, 10 non-striated strands
-©-RACC, 10 striated strands
—£-CORC, 12 non-striated tapes
-E1-CORC, 12 striated tapes
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Figure 6.11: AC losses Qac,tm of the non-striated and the striated 4-layers CORC®
cables (SP), and the non-striated and the striated 10-strand RACC cables (SOx) for
a background field amplitude of 5 = 100 pT A~! with respect to the amplitude of the
applied current I,. The AC loss data were taken from [KVKT16].
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6 AC Magnetization Losses of HTS High Current Cables

3 filaments, 5 filaments and 7 filaments due to their small critical current
degradation and their loss reduction proportional to the number of filaments.

The investigation of the AC magnetization losses Qac,m and the AC losses
caused by the simultaneous presence of an AC transport current and an AC
background field Qac tm of two CORC® cables, one made with non-striated
tapes and one made with 5-filament tapes, showed that the fact of striating the
tapes helps to reduce both AC losses. The loss reduction of CORC® cables
was smaller than that measured for single tape striated with 5 filaments (1.7
against 4 at 50mT and 130 Hz). This smaller reduction can be explained by
the fact that the inner layers are shielded by the outer layers.

The investigation of the AC losses Qac,tm of two CORC® cables (one
non-striated and one striated) and two RACC cables (one non-striated and
one striated), with similar critical current showed that for a given applied
current the CORC® cables have smaller AC losses than those of the RACC
cables. This can be explained by the fact that the strands of the RACC cable
are exposed to a perpendicular magnetic field whereas those of the CORC®
cable are exposed to a field of various orientations. When the current density
is taken into account for the comparison of similar cables, the RACC cables
have smaller AC losses. This can be explained by the fact that the former used
in CORC® cable to wind the tapes reduces the engineering current density.
In addition, if the former is reduced then the CORC® cable can become

competitive.
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7 Conclusion

The main goals of this thesis were: (i) investigate different strategies for obtain-
ing uncoupled filaments in HTS coated conductors with copper stabilization:
in particular, determine whether it is better to striate the tapes before of after
depositing the copper layer; (ii) assess the applicability of the striation process
to larger cables made of HT'S coated conductor: in particular the CORC® and
the RACC cables.

In order to get a consistent analysis of the effectiveness of making filaments
on the AC magnetization loss reduction over the different striation processes
and copper-stabilization thicknesses, four batches were realized with the same
manufacturer (SuperOx) and the same width (12mm). A batch consisted of
one unstriated tape and four striated tapes from 10 filaments to 60 filaments,
produced with different striation processes (SBE or SAE) and thicknesses of
copper (5pm or 20 pm).

The analysis of the AC losses was done on HT'S striated tapes and striated
cables, with a reference sample for both. For this, 27 tapes and 8 cables were
prepared. The samples differ in technologies (with or without artificial pinning
centers), in processing of striation (SBE or SAE), in thickness of the copper
stabilizer (5pm or 20 pm), in width (4 mm or 12mm), in number of filaments
(10 to 60), and in provider (SuperOx or SuperPower). The samples selected
were striated using the laser ablation technique, which allows obtaining narrow

filaments with precise cuts.

For all samples, making filaments helps to reduce the AC magnetization
losses. The AC loss reduction is higher with higher number of filaments.

The 40-filament tapes have the largest loss reduction factors, for the SAE-
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5pm, SBE-5pm and SAE-10um batches. However, the expected level of loss
reduction, given by the Mawatari formula, is only obtained at low frequencies
(6 Hz). At higher frequencies, the coupling losses are substantial, sometimes
dominant. The presence of a path where the coupling currents can easily flow
was confirmed by SEM images of the grooves and by transverse resistance
measurements. Based on the results, the loss reduction strongly depends on
the striation process and on the copper thickness. Within each process (SAE
or SBE), the thinner copper layer allows reducing more effectively the AC
losses and limiting coupling. For a given number of filaments, no process is
preferable, except for the 10-filament case, where the SAFE process has always
the larger loss reduction. This is because the grooves of the 10-filament SBE
tapes are filled by copper: partially with the 5pm stabilization, entirely with
the 10 pm stabilization. This causes large coupling losses. The SBE-10pm
tapes have always the larger losses, for any number of filaments, because the

grooves are fully covered by copper.

One has to note that the use of SAE tapes in applications can be hin-
dered by delamination problems, which have been reported by other au-
thors [KKL™16]. Further investigations on this potential problem are therefore
necessary. But considering the complexity and duration of the two processes
and the AC loss results shown here, the SAE process seems to be the preferable
option.

The transverse resistivities evaluated from AC losses agree with those di-
rectly measured using DC current, except for the SBE-10 pm sample, where

the presence of a copper layer over all the sample prevents a direct comparison.

Based on the results obtained on the striation of tapes (presented in chap-
ter [5)), superconducting tapes with 5 pm-Cu stabilization and the SAE process
for making the striations were selected to be analyzed in order to assemble
CORC® cables. The investigation of the AC losses of seven 4mm wide, SAE
striation process, and 5pm thick copper tapes with various number of fila-
ments indicated that the most suitable candidates to be used for assembling
a CORC® cables were the tapes with 3 filaments, 5 filaments and 7 filaments
due to their small critical current degradation and their loss reduction propor-

tional to the number of filaments.
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The investigation of the AC losses caused by the simultaneous presence of
an AC transport current and an AC background field of two CORC® cables,
one made with non-striated tapes and one made with 5-filament tapes, con-
firmed that striating the tapes helps to reduce AC losses. The loss reduction
of CORC® cables was smaller than that measured for single tape striated with
5 filaments (1.7 against 4 at 50mT and 130 Hz). This smaller reduction can
be explained by the fact that the inner layers are shielded by the outer ones.

The CORC® cable was then compared to its direct competitor, which is the
RACC cable. These two cables have a different architecture, one is assembled
by winding several layers of 4 mm wide tapes around a cylinder former, the
other one consists of several meander-shaped 5.5 mm wide strands intertwined
to each other. The number of tapes or strands defines the current-carrying
capacity of the cable. Due to the different architectures, cables with similar
critical current were chosen for the comparison. The investigation of the AC
losses of two CORC® cables (one non-striated and one striated) and two
RACC cables (one non-striated and one striated), with similar critical current
showed that for a given applied current the CORC® cables have smaller AC
losses than RACC cables. This can be explained by the fact that the strands
of the RACC cable are exposed to a perpendicular magnetic field, whereas
those of the CORC® cable are exposed to a field of various orientation. Once
the losses are plotted as a function of the engineering current density, however,

the RACC cables have smaller AC losses.
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Designations and Abbreviations

Ba—La— Cu— 0O Barium-Lanthanum-Copper-Oxide

CeOgq
CuOs
CuSO4
H2SO4
M,¢B»
NbTi
NbsAl
Nb3Ge
NbsSn
Ni—W
PbMoS
YBCO
YSZ

Y703

Cerium Dioxide

Copper Oxide

Copper Sulphate
Sulphuric Acid
Magnesium Diboride
Niobium Titanium
Niobium Aluminide
Niobium Germanide
Niobium Tin
Nickel-Tungsten

Lead Molybdenum Sulfur
Yttrium Barium Copper Oxide
Yttria-Stabilized Zirconia

Yttrium Oxide
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Designations and Abbreviations

BaSnOs;
BaZrOj
GdszTaO7
AC

Ag

Al
AMSC
AP
BCS
CORC
Cu
CuNi44
DC

FIB

Hg
HTS
IBAD
In

IR
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Barium Stannate

Barium Zirconate

Gadolinium Tantalum Oxygen
Alternating Current

Silver

Aluminum

American Superconductor
Advanced Pinning
Bardeen-Cooper-Schrieffer
Conductor On Round Core
Copper

Copper Nickel Alloys

Direct Current

Focused Ion Beam

Gallium

Mercury

High-Temperature Superconductor
Ton Beam Assisted Deposition
Indium

Infrared



Designations and Abbreviations

IRL

KIT

LTS

MOCVD

MOD

MRI

Nb

Pb

RABITS

RACC

REBCO

SAE

SBE

SC

SEM

SMES

Sn

Ta

Industrial Research Limited

Karlsruhe Institute of Technology
Low-Temperature Superconductor

Metal Organic Chemical Vapour Deposition
Metalorganic Deposition

Magnetic Resonance Imaging

Niobium

Lead

Rolling Assisted Bi-axially Textured Substrate
Roebel Assembled Coated Conductor

Rare Earth Barium Copper Oxide

Striated After Electroplating

Striated Before Electroplating
Superconductor

Scanning Electron Microscopy
Superconducting Magnetic Energy Storage
Tin

Tantalum

Titanium

Tungsten
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Designations and Abbreviations

Zn Zinc
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List of Symbols

Ko

Pnc

Ptr

Reduction factor defined as the ratio between the normalized losses

of the reference sample and the normalized losses of the striated

sample

Ratio of proportionality between the magnetic field and the trans-

port current

Ginzburg-Landau parameter

Penetration depth

Permeability

Quantum of flux

Resistivity of the normal conductor

Transverse resistivity of the striated tape
Coherence length

Half width of the superconducting strip

Magnetic field

Damping parameter in J.(B,#) dependence
Magnetic flux density component, parallel to tape
Magnetic flux density component, perpendicular to tape
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List of Symbols

I,

IC,Sample
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Magnetic field amplitude

First critical magnetic field

Second critical magnetic field

Critical magnetic field

Field-decay parameter in J.(B,6) dependence
Critical magnetic field at 0K
Thickness of the superconducting strip
Outer diameter of the CORC® cable
Outer diameter of the former
Electronic charge

Frequency

Planck constant

Magnetic field amplitude

Transport current amplitude

Critical current of the sample

Critical current of the first criterion
Critical current of the second criterion
Critical current

Current density

Critical current density

Anisotropy parameter in J.(B,6) dependence

Length of the sample



List of Symbols

N Number of filaments of the superconducting tape

n Steepness of the I — V' curve

P. Coupling losses in the striated tape due to the resistance between
filaments (Jm™3)

Py Eddy current losses of a normal conductor slab (Jm™3)

=N Hysteresis losses of a striated tape with electrically uncoupled fila-
ments (Jm™3)

Qacm  AC magnetization losses per cycle of the tape and the cable (J m~!)

Qacm AC losses per cycle of the cable caused by the simultaneous presence

of an AC transport current and an AC background field (Jm™1!)
QAct AC transport losses per cycle of the cable (Jm™1)

@Norm,Ret AC magnetization losses per cycle of the reference sample normal-

ized by its critical current (Jm~tA-Y)

QNorm,str AC magnetization losses per cycle of the striated sample normalized

by its critical current (Jm~t A~

Qnorm  AC magnetization losses per cycle normalized by the critical current

of the sample (Jm~t A
Qsample AC magnetization losses per cycle of the sample (Jm™1h)
r Wire radius (mm)
R, Contact resistance of the cable copper leads (nQ2)
Ry Transverse resistance between two filaments of the striated tape (€2)
T Temperature (K)
tAg Silver thickness within the superconducting tape (pm)



List of Symbols

tor

tcu

Tc

tsc
Ver

Vea

Wgroove

WH C

122

Thickness of the barrier resistance between two filaments of the stri-

ated tape (m)
Copper thickness within the superconducting tape (nm)
Critical temperature (K)

Superconductor thickness within the superconducting tape  (jnm)

Critical voltage of the first criterion (V)
Critical voltage of the second criterion (V)
Critical voltage (V)
Width of the filament (m)
Width of the space between two filaments (m)
Width of the normal conductor (m)
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