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“The devil is in the details”

- Friedrich Wilhelm Nietzsche



Abstract

Abstract

The primary benefit of a metallic stabilization/shunt in 2"¢ Generation (2G) High Temperature
Superconductors (HTS) coated conductors (CC) is to prevent damage during quench by providing an
alternative path for the current flow. On the downside, the increase in thermal capacity of a thick shunt
makes the CCs prone to heat amassing due to hot-spots coming from variations in the critical current
distribution of the HTS layer. This thermal issue makes the classical HTS tape design extremely
vulnerable for operating in superconducting devices like high-field magnets and Superconducting fault
Current Limiters SFCL. In SFCL, a prospective fault current level close to these tape’s average critical
current (lc) can lead to destructive hot-spots in a matter of milliseconds. The Current Flow Diverter
(CFD) is a promising multilayer architecture concept that has proven to increase the conductor’s
robustness against the inevitable hot-spot regime by inserting a high resistive layer partially covering
the interface between the metallic silver shunt and the (Re)BCO film, thus alleviating shunt
compromise. This relatively simple change creates a boost in the so-called Normal Zone Propagation
Velocity (NZPV) and avoids the destructive heat amassing of hot-spots. However, since 2014 there has
been a struggle in finding a practical manufacturing method compatible with the coating steps of reel-
to-reel systems used by companies. In the framework of the H2020 project FASTGRID, this thesis
reports on the technical journey of trying to achieve a feasible cost-effective method for implementing
the CFD architecture in 12 mm wide 2G HTS tapes. Using chemical solution deposition (CSD) and
chemical vapor deposition (CVD) methods, four materials, i.e epoxy, graphite, yttria and silver sulfide,
led to four different manufacturing routes that helped identify the main practical constrains of the CFD
fabrication and, for the first time, two viable CFD fabrication routes were found with yttria nanolayers
and silver sulfidation reactions. Furthermore, for tapes with and without CFD, the Ic and NZPV, together
with the maximum fault limitation conditions, electric field and fault time, were measured and
compared using transport current in DC and AC respectively to confirm the advantages of the new
proposed architectures.
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A Brief Review of Superconductivity

1 A Brief Review of Superconductivity

This chapter briefly reviews the overall superconductivity theory in its historical context, focusing on
the properties of High Temperature Superconductors (HTS) and their manufacturing details. Currently,
HTS materials present the highest potential for being used as practical electric wires, also known as
2G HTS coated conductors (CC) or HTS “tapes”. Improving the thermal performance of these tapes
was the main focus of this work and it will be discussed in detail in chapter 2.

1.1 Basic Properties

In this section, the most basic properties of a superconducting material are presented; Zero resistivity
and the Meissner-effect. Moreover, the critical parameters defining the superconducting state of a
material are also defined.

1.1.1 Zero Resistivity

In general, the electrical resistivity p of metallic alloys decreases when cooled down. As temperature
T decreases, the thermal effects coming from the atomic vibrations also decrease, creating less
interference for the conduction of electrons through the material. For pure metals, interference in the
movement of electrons should only occur due to thermal latent vibrations [1]. Therefore, the
resistance of a pure metal should also approach zero as temperature decreases to 0 K. However,
inevitable impurities and imperfections in the crystal structure of a metal [1] result in a residual
resistance that should remain present even at cryogenic temperatures with a dependence p « T°
according to the Bloch-Gruniensen formula.

superconductor

Resistivity [Q-cm]

Temperature [K]

Figure 1.1: Resistivity vs. Temperature curves of a superconductor (red curve) and a normal metal (blue curve). For the
superconductor the resistivity suddenly becomes zero at T ., whereas for a normal metal it smoothly decays to a residual value
at0K.
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Nevertheless, in 1911 Kamerlingh Onnes discovered that certain metals, even in the presence of
impurities, presented a different resistive behavior. For temperatures approaching 0 K, the resistivity
of these metals, instead of presenting a residue value, dropped to neglectable levels that were
practically non-existent (Figure 1.1) [2]. These first metals, presenting the zero resistivity phenomena,
inaugurated a whole new class of materials known as superconductors.

1.1.2 The Critical Parameters

When a superconductor is cooled, the temperature threshold for the material to make the transition
from the Normal Resistive State to a state presenting a neglectable resistance, is referred to as the
transition temperature or critical temperature and is denoted by T, (in Kelvin K). Moreover, up until
1914 with the continuation of Onnes’s research, he observed that the superconducting metals, even
below the transition temperature T, could lose the superconducting properties when induced with
magnetic flux B, (in Tesla T or W/m?) by being exposed to a certain intensity of an external magnetic
field force H. (in A/m). The same would happen for a superconductor conducting a certain value of
current density /. (A/m?), thus concluding that three parameters defined the superconducting state:
the critical temperature T, the critical magnetic field H. and the critical current density J.. In other
words, the superconducting state can only be sustained if the values of temperature, magnetic field
and current density are maintained below their respective critical values (Figure 1.2).

»

T[K]

1Te

Normal state

Supercondutor |
Egsiate = —

B[T] J [A/m?]

Figure 1.2: Superconducting state limited by three critical parameters: critical temperature T, critical field B, and critical
current density J .

1.1.3 The Meissner-Ochsenfeld Effect and Perfect Diamagnetism

For 22 years after the first superconductor material was discovered, superconductors were thought
to be “perfect conductors” due to the absence of resistance in the superconducting state. However,
superconductors present a different magnetic behavior from what is expected from a theoretical
“perfect conductor”. If we consider a “perfect conductor” material, the resistance across any closed
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path inside the material should be zero. Therefore, as long as the magnetic density inside the material
does not change in time dB/dt = 0, the magnetic flux elapsed by any closed path of current should
also not change. Consequently, the distribution of flux should not be alternated due to the transition
from the normal state to the superconducting state.

Let us assume that a material is cooled down to the superconducting state and an external magnetic
field H, is applied afterwards (Figure 1.3 (A) (a) —(d)). Since the magnetic flux cannot change, the field
density inside the material B should remain the same (zero) even after the field is applied. Induced
currents inside the material will appear to create a magnetic flux of same intensity in opposition to
the external field H,. Since the material has zero resistivity, the induced currents do not decay and
the resulting field density inside the material remains zero.

Now we consider a scenario in which the external magnetic field H, is applied to the material before
the transition to the “perfect conductor” state (Figure 1.3 (A) (e) —(g)). Once the body is cooled down
below T,, no magnetization should occur and the flux distribution should not change. Since the flux
density inside the material cannot change, if the external field H, is removed, induced currents should
appear to maintain the internal flux resulting in a permanent magnetization of the body.

(A) Perfect Conductor (B) Superconductor
Ha=0 Hy# 0 Ha=0
Ambient Ambient g0
= Té t B=0 Temperature
- T - (T>To) B +0
(a) (a)
i - (e)
Cooling iCooling
Caaling Cooling
b
(b) ) (b)
Ha#0 Ha+0 Hy %0 Hy %0
B=0 Tgr:wyggg‘lcifre B #0 Cryogenic =
(T<Tg) —_ Ter(nijr?;t).lre
(c) (f) 2 4
c
Ha — 0 N4
B #0 Sy g~ 0
B=0
B=0 .
d
- @ (@) @

Figure 1.3: (A) Behavior of a perfect conductor: (a)-(b) The conductor is cooled down to the superconducting state in the
absence of a magnetic field. (c) A magnetic field is applied to the conductor. (d) The magnetic field is removed. (e)-(f) The
conductor is cooled down to the superconductor state in the presence of a magnetic field. (g) The field is removed. Figure
adapted from [3].
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(B) Magnetization behavior of a superconducting material: (a)-(b) The conductor is cooled down to the superconducting state
in the absence of a magnetic field. (c) A magnetic field is applied to the conductor. (d) The magnetic field is removed. (e)-(f)
The conductor is cooled down to the superconductor state in the presence of a magnetic field. (g) The field is removed. Figure
adapted from [3].

Nonetheless, in 1933 Meissner and Ochsenfeld measured the magnetic flux distribution on the surface
of Sn and Pb samples [4]. Samples were cooled down below T, in the presence of a magnetic field and
the result was not the same as expected from a theoretical “perfect conductor”. Below T, the samples

spontaneously presented a perfect diamagnetism cancelling all magnetic flux inside the material
(Figure 1.3 (B) (e) —(g)).

It was concluded that a superconducting material cooled below T, in the presence of a magnetic flux,
still induces superficial circulating currents to shield itself from being penetrated by an external
magnetic field, i.e always B = 0. This phenomenon was named the Meissner-Ochsenfeld effect.
Differently from a “perfect conductor”, the magnetization state of a superconductor is independent
of how the final conditions of temperature and magnetic field were achieved.

1.1.4 London’s Penetration Depth

In 1933, the brothers Heinz and Fritz London [5] suggested that the magnetic flux density B inside a
superconductor could be descried by the equation (1.1). Utilizing this equation, they described the
magnetic flux when a uniform magnetic field intensity is applied parallel to the superconductor’s
surface.

5 0015
VB =—B (1.1)
a

Rewriting equation (1.1) for a simplified unidimensional case we have:

0°B(x) 1
T _ 1.2
22 aB(x) (1.2)

Being B(x) the flux density at a certain distance x inside the superconductor from the surface. The
solution for the simplified equation (1.2) is given by equation (1.3), where B, is the external flux
density applied to the material in the superconducting state.

B(x) = Bae(‘x/‘/a) (1.3)

In equation (1.3) the flux density B(x) decreases exponentially inside the superconductor, decaying
to 1/e of the initial B, value for a distance x = va from the surface. This distance is named London’s

penetration depth (A, = Va). Where & = mugnse? and e is the electron charge, y, is the magnetic
permissivity in vacuum, m is the electron mass and ny is the density of super electrons.
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Figure 1.4: Variation of magnetic field density on the boundary of a superconductor material.

As a benchmark, using the usual values e = 1.6 x 10° C, m=9.11 x 103" kg, o= 4n x 10" H/m and a
ng = 4 x 10*® we find a penetration depth 1, of 1 um approximately. In summary, the field inside a
superconductor, although zero inside, is still present in a thin layer of thickness A; close to the surface
of the body.

1.2 Surface Energy of a Superconductor

In the previous section, we discussed how the magnetization state of a superconductor depends only
on the final values of temperature and magnetic field. From a thermodynamic point of view, this
implies that the transition from the normal state to the superconducting state is a reversible process.
In this section, a simplified thermodynamic analysis of the superconducting state is used to explain
the possibility of two different magnetic behaviors.

1.2.1 Free Energy

In any system, the equilibrium state is defined by the condition of minimum free energy (Gibbs free
energy). If a material makes the transition from the normal state to the superconducting state below
the T,, this means that the free energy of the superconducting state is lower than the normal state.
For a temperature T in the absence of a magnetic field (H, = 0) let us define the free energy in the
superconducting state as g;(T, 0) and the normal g,, (T, 0).

If a magnetic field H, < H. is applied to the superconductor, the material should acquire a
magnetization M, thus changing the total free energy of the body according to:

Hq

Ag(Hy) = —po | MdH (1.4)

0
If the field H, would produce a magnetization in the same direction, the free energy would be
reduced. As discussed before, the magnetization in the case of a superconductor is created in
opposition to the applied field (M = —H) to shield the material. And so, the free energy increases:

Hq

gs(T,Hy) = gs(T,0) +uy | MdH
0




A Brief Review of Superconductivity

1
gs(Tr Ha) = gs(Tr 0) +Eﬂ0Ha2 (1'5)

Compared to the superconducting state, the magnetization acquired in the normal state is
insignificant and so the presence of a field H, creates no change in the free energy g,(T,0) =
gn(T,Hy). If the applied field is equal or greater than the critical field H, > H, the increase in the
free energy will drive the material out of the superconducting state into the normal state. In this case
gs(T,Hy) > g,(T,0), hence:

1
~HoHa® > [gn (T, 0) = g5(T, 0]

Free Energy

Applied magnetic field H,

Figure 1.5: Effect of the magnetic field in the Gibbs free energy of a superconductor

In summary, when a magnetic field intensity H, is applied to a material in the superconducting state,
%yOHaZ is added to the free energy (Figure 1.5). The critical field H, is simply the intensity that

increases the free energy g4(T,0) to g,(T,0). And so, the difference in free energy for a
superconducting material at a fixed temperature below T is:

1 2
In — 9s = EﬂO(ch — Hg ) (1.6)

1.2.2 The Coherence Length and Surface Energy

In 1953, Brian Pippard introduced the coherence length concept [6]. Pippard concluded that the
density of super electrons ng responsible for defining the superconductivity region could not change
abruptly inside the material. It could only considerably vary across a certain distance that he named
the coherence length . In other words, & is the mean distance between the normal and the
superconducting state inside the material. At the time, this was a vague concept created to simply
describe the superconductor behavior, however it would later align with the predictions of the
Ginzburg-Landau theory [7]. One of the main arguments in favor of the coherence length is the fact
that it provides a simple explanation for the surface energy in the superconductor.

Considering a superconductor below T, in the presence of a critical magnetic field H,., the field should
penetrate a distance A and the number of super electrons n, should increase gradually inside the
material across the coherence length &. In order for stability to exist, the free energy of the
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superconducting region and the normal region should be the same in the interface normal
region/superconductor region. In this situation, there are two contributions that change the free
energy from the superconducting state to the normal state. First the presence of super electrons,
reducing the energy of the superconducting state in g, — gs, and the second contribution, the

acquired magnetic energy%yoch cancelling the field inside the superconductor. Therefore, g, — g5 =

1 . . . .
E,uOHCZ so that the two contributions balance the energy in the normal/superconductor interface.
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Figure 1.6: Positive surface energy on a superconductor. (a) penetration depth and coherence length on the surface of a
superconductor. (b) magnetic and ns contribution to the free energy. (c) total free energy in the surface.

In Figure 1.6, one can notice that if & is bigger than A, the total free energy increases near the
interface, thus creating a positive surface energy. Substituting the ng and H curves in Figure 1.6(b) for
rectangular steps happening at distances ¢ and 4;, a rough approximation of the surface energy could

be described as %MOHCZ 1, -9).

1.2.3 Negative Surface Energy

In the majority of metals ¢ is bigger than A; and the total free energy in the normal state frontier
increases creating a positive surface energy. However, the values of £ and A, may change for some
materials in a way that & is smaller than A;. This would create a negative surface energy in the normal

state frontier as illustrated in Figure 1.7.
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Figure 1.7: Negative surface energy on a superconductor. (a) penetration depth and coherence length on the surface of a
superconductor. (b) magnetic and ns contribution to the free energy. (c) total free energy in the surface.

The existence of a negative surface energy implies that energy is released in the
normal/superconductor interface. The presence of an interface should reduce the total free energy
and since any system always tends to the state of minimum free energy, if a magnetic field would be
gradually applied to the superconductor with a negative surface energy, the body should favor the
occurrence of a larger normal/superconductor interface.

1.3 The Mixed State

For many years it was thought that all superconductors would magnetically behave the same and that
some anomalous behavior observed in superconductors with negative surface energy was due to
“impurities”. Only in 1957 Alexei Abbrikosov noticed that the anomalies were inherent properties of

a new class of superconducting materials.

1.3.1 Vortex and Fluxoids

For a superconductor body with negative surface energy, Abbrikosov concluded that the only way for
a large interface normal/superconductor to arise would be the spontaneous creation of normal zones
in the superconducting material [8]. However, for such state to exist, the disposition of these zones
inside the superconductor should maximize the normal zone volume/surface ratio. The configuration
for this condition, occurs in the shape of narrow normal zone cylinders, organized in a stable hexagonal
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grid as shown in Figure 1.8. These cylindrical regions, also known as fluxoids or vortexes [8], were later
confirmed in experiments of magnetic decoration [9,10].
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Figure 1.8: Mix state of a superconductor. (a) Isometric view of the fluxoid formation across the superconducting body in the
presence of a magnetic field H,. (g) Top view of the hexagonal lattice arrangement of the fluxoid formation.

The presence of this vortex lattice is also referred to as the Mixed State. The superconducting region
is diamagnetic and it does not allow the presence of a magnetic field, but the normal zones are
magnetically permeable. Each fluxoid traps a quantized amount of magnetic flux ¢y, = h/2e,
regulated by a vortex of supercurrent around the region. The presence of such mixed state creates
the division of two types of superconductors: type-l and type-II.

1.3.2 Type- | and Type-Il Superconductor

Experimentally, the type-Il superconductors where discovered in 1935 by Lev Shubnikov and Rjabinin
[11] and in 1950, the possibility to divide superconductors into two types was suggested for the first
time analyzing the theoretical implications of the constant k = A, /¢ in the Ginzburg-Landau theory
[7]. However, the new classification did not happen due to the scant experimental observations
combined with the lack of a solid physical theory to describe the type-Il behavior. It was only in 1957,
with the Mixed State theory of Alexei Abrikosv [8], that the type-I and Il division was truly introduced
in the scientific community.

Type-l superconductors are characterized for having positive surface energy due to a small
penetration length in comparison to the coherence length (k > 0.707). These materials present a
pure Meissner effect. Any external magnetic field is completely expelled from the material until the
intensity reaches the critical value H.. Practically all the first chemical elements discovered as
superconductors are classified as type-I (also known as soft superconductors).

In the case of type-Il superconductors the penetration depth is considerably larger and creates the
condition k < 0.707. Consequently, the surface energy becomes negative and minimization of the
free energy is achieved by maximizing the area of the interface between the superconducting state
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and normal state. In this case, it becomes energetically favorable for the superconductor to create
normal zones allowing field penetration, thus entering the mixed state.

HA H 4
Hc2

He Mix State Normal

Normal
Hcl
uperconductor
Type-1
0 Te ’T 0 Te ’T
Type-I Type-11

Figure 1.9: Different magnetic behaviors between type-I and Il superconductors.

Nevertheless, there is a minimum magnetic field for the superconductor type-Il to enter the mix state.
This lower limit is shown in Figure 1.9 and is denoted by H.;. For field values below H_,the material
behaves like a type-l superconductor presenting a pure Meissner effect. Above H.; and below an
upper limit H,,, the superconductor allows a partial penetration of the field, thus entering the mix
state. For field values above H_, the material goes to the normal state.

1.3.3 Transport Current in Type-Il Superconductors

Let us now consider a current I crossing a type-Il superconducting body of length [, cross section area
A, below T, and in the presence of field a H between H.; and H., (H;,; < H < H_;). Since the
superconductor is in the mixed state, the body is permeated by vortex regions of quantized magnetic
flux. Therefore, a Lorentz force f; should arise from each vortex region due to the interaction between
flux and the transported electrons.

If the total magnetic flux density B created by the vortexes has an angle 8 with the current I, then the
Lorentz force is given by F;, = IBsin(0). If every vortex imprisons a flux ¢, then the magnetic flux
density in the material can be describe as B = n¢,, where n is the number of vortexes per unit area.
Finally, considering the total length of all the vortex along [ as nlA, the mean force per unit length of
vortex will be given by F;, = (I/A)¢ysin(8). Even if the current density varies, the mean current
density will be ] = I /A. Therefore, the Lorentz force can be rewritten as F;, = J¢osin(8). Simplifying
the case for a perpendicular field 8 = 90° the Lorentz force in the wire is simply described by:

FL =] (1.7)

This simple equation shows that if there was no other force opposite to the Lorentz force the type-ll
superconductors would have no practical application. The vortex grid would move freely and induce
an electrical field E;, as response to J, thus creating work and dissipation of energy. This energy would

10
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increase the temperature of the body above T, thus killing the superconducting state. The description
of this theoretical restriction was first suggested by J. Bardeen and M. J. Stephen [12] in 1965.

The force preventing the vortex grid from moving is called pinning force E,. This force fixes the vortex
in the so-called pinning centers located at the natural and/or artificial imperfections existing in the
crystal structure of the material. The force E, is limited by the amount of defects found in the material,
but not all the vortexes are spatially fixed in pinning centers. Only a few pinned vortexes are needed
to create a rigid Abbrikosov grid and prevent the other vortexes from moving.

As long as the existing current density ] crossing the superconductor produces a force F, < F, , the
Abbrikosov grid will not move. However, if ] produces a force F;, >> F,, the vortexes will be dislocated
and create a dissipative state of energy. In this scenario, the critical current density /. is the threshold
value to start moving the vortexes from the pinning centers. The vortexes motion regime in transport
current is called Flux Flow and it is the source of resistance in type-Il superconductors.

Furthermore, the vortexes motion in the mix state also defines two phases in the vortex grid
depending on the intensity of an external magnetic field H.;< H < H,,: the vortex solid phase and the
vortex liquid phase [13,14]. For low temperatures T and low magnetic fields H, J. >0aslongas F; <
E, for any current density J < J, thus defining the vortex solid phase. However, even in the absence
of a transport current density J =0, a certain value of field H.;< H < H., can create the condition F; >
E, for any practical value of current density J > 0, thus defining the vortex liquid phase where the
unavoidable motion leads to the absence of critical current J. = 0. In other words, in the liquid phase
“... the influence of thermal fluctuations on the flux lines becomes so strong that currents cannot flow
without losses although the superconductor is not yet in the normal state” [15]. This H value is known
as the irreversible field H;.- and defines the irreversibility line (IL) in the T-H diagram of a type-II
superconductor (Figure 1.10).

H A

HCZ
Normal
Liquid phase
Hirr =~ 4
TS | IL
b ~
Solid phase
Hcl 1 3 I N
~
Type-1 A
S
0 Te T

Figure 1.10: Magnetic phase T-H diagram for type-Il superconductors with different vortex phases defined by the irreversibility
line (IL) H;p-(T).
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1.3.4 Critical Current Density in HTS

In 1964, Anderson and Kim created the flux-creep concept to try to explain the exponential correlation
between electric field and current density in type-Il low temperature superconductors (LTS) [16,17].
However, at the time, the models from Warners and Larbalestier [18] and Plummer and Evetts [19]
were also successful in describing the exponential behavior based on the non-uniformities of /. across
superconductors. But with the discovery of the high temperature superconductor (HTS) materials,
these models started lacking explanations. It was only in 1996, that the flux creep concept from
Anderson-Kim was completely re-introduced by Brandt [20] to explain the exponential E-J behavior of
the HTS materials.

Anderson-Kim establishes an exponential relation between the electricfield and current density inside
the HTS material depending on the temperature. This relation is analog to the Arrhenius Law where
the velocity of a chemical reaction v is a function of temperature T and an activation energy E:

—-E,4 —u)
v = Ce(W)  EWU) = Ece( RT )

Being C a constant related to the chemical reaction and R the ideal gas constant. In this analogy, the
electricfield E created by the vortex motion of a transport current in the HTS material is also described
as a function of T and an activation energy U. Where E_ is the critical electric field leading to the
motion of the vortex lattice, and U arises as function of the applied current density J, as described by
Zeldov et al. in [21]:

U()=U,-In (—”) (1.8)
J

U, is a constant representing the critical activation energy and J. is the critical current density

threshold responsible for the appearance of E. in the HTS. Finally, E is re-written as a function of |

leading to the Power Law [22,23]:

n

E(J) =E, (i) (1.9)
Cc

Where n = U./RT is known as the n-value. In this equation, the transport characteristics of the

superconductor are described by J. and the n-value. J. indicates the maximum current transport

capacity and the n-value the shape of the E-J curve. Moreover, the n-value also describes different

regimes for the E-J curve as J increases.

e Zero resistance (n — o): No vortexes motion and insignificant electric field values. This
behavior is also described by Beans critical state model [24], not discussed in this thesis.

e Flux creep (25 < n < 50): Minor vortexes motion due to J inducing Lorentz forces with
magnitude close to the pinning forces.

o Flux flow (2 < n < 5): Considerable motion of the vortexes due to J inducing Lorentz forces
slightly above the pinning forces.

e Normal (n = 1): Complete transition from the superconducting state to the normal ohmic
state. The Power Law becomes Ohm’s Law.

12
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1.4 Superconductor REBCO Oxides

In 1986, inside IBM'’s research facility, George Bednorz and Alex Miiller, while experimenting with
LaBaCuO systems, found a class of superconducting cuprates at a T, of 35 K [25]. This discovery gave
birth to a new classification in superconductors: The High Temperature Superconductors (HTS) and
the Low Temperature Superconductors (LTS). In the following year, Ching-Wu Chu performed tests
changing the lanthanum for yttrium in the cuprate system and observed the superconducting
phenomena at 92 K [26]. This discovery had a great impact in the practical large-scale applications of
superconductors. Differently from the previous Low Temperature Superconductors (LTS), that had to
be cooled with liquid helium, the HTS materials could operate in a liquid nitrogen environment, thus
substantially reducing operational costs.
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Figure 1.11: Chronological discovery of superconducting materials throughput the years. Three superconducting families are
shown: The green circles representing the superconductors explained by the BCS theory; the blue diamonds for the REBCO
cuprates and the yellow squares for the iron-based superconductors.

Figure 1.11 shows the discovery of superconductor materials throughout the years since 1911 and
their respective critical temperatures. Since the discovery of the REBCO family, the HTS cuprates have
shown to be the most promising compound for large-scale applications. Besides operating above 77 K,
in general, these materials are capable of maintaining high values of J. in the presence of high
magnetic fields.

1.4.1 The REBCO Structure

The REBCO structure is composed of BaCuO3 and RECuO2 forming a triple perovskite compound
shown in Figure 1.12. The sequence of planes in the REBCO structure is Re-Cu02-BaO-CuOx-BaO-
Cu02-Re, with the two Cu02 planes and one single CuOx chain lying parallel to the a-b plane of the
crystal.

13



A Brief Review of Superconductivity

2
e Cu ] @
‘fl_’ |\Cqu layer
®0
® Re ™
® Ba CuO, planes
L el
_—~Cu0O, layer

Figure 1.12: Unit cell of ReBCO compounds. This unit cell can change from a tetragonal to an orthorhombic structure.

The CuO; planes are present in all superconducting cuprates and are considered to be the main source
for the superconducting behavior of the REBCO materials. The CuO; planes are known to be the
conductive planes that transport the charge carriers [27]. Meanwhile the CuOy chains are meant to be
the charge reservoirs for the CuO, planes with the charge transfer happening via the apical oxygen
between the plane and the chain [27]. This explanation is considered valid for the vast majority of
REBCO materials with the expectation of some cases like the PrBa,Cus0O7 described in [28].

The structural phase of the unit cell REBa,CusOyis directly tied to the presence of the superconducting
properties in the material and it changes according to the oxygen content existing in the vacancies of
the CuOy chain. The final stoichiometry is defined by the oxygen deficiency y = 7 — § indicating an
empty chain at Os and a fully filled chain at O; [29]. At y = 6 the crystal has a tetragonal phase and
behaves as an insulator. But as oxygen adds to the Cu-O chains and y — 7, the phase changes to an
orthorhombic structure where the periodical arrangement of the Cu-O chains forms the
superstructures responsible for the superconducting properties [30].

Since the current flows only along the CuO; planes, the conductivity is confined in the ab-planes of the
crystal and a large anisotropy in transport properties is observed. It becomes compulsory that all the
grains present a perfect orientation of the c-axis to allow the current to flow freely in the CuO; planes.
Small c-axis misalignments between the grains can lead to substantial decrease in the current
capability (/) of the material as a whole [31]. For this reason, a perfect biaxial texture is required for
the REBCO compound to achieve optimum superconducting properties.

Furthermore, the anisotropy also appears in the formation of the vortexes of the mixed state. The
values of 4 and ¢ defining the fluxoids regions in the material depend on the orientation of the
magnetic field with respect to the crystallographic ab and c-axis. This anisotropy is quantified in the
Ginzburg-Landau theory as [32]:

yote St
Aab fab

Another class of HTS materials discovered in 1988 that is worth mentioning is the BSCCO. This class
was the first HTS family without a rare-earth element in the cuprate structure and has a general
chemical formula BizSr2Can-1CunOznsa+x, With n = 2 being the most commonly studied [33,34]. Like all
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HTS cuprates, the superconductivity in BSCCO also relies on the orientation of the CuO; planes and,
since it’s grains could be more easily aligned by a simple melting process and/or by mechanical
deformation [35], BSCCO was the first material to make use of the HTS properties in practical
superconducting wires. However, due to the high value of anisotropy v, its operational performance
in high magnetic fields became compromised due to the irreversibility line (IL).

1.4.2 Operational Advantages of YBCO and GdBCO

YBCO is the HTS compound with the longest track of studies regarding physical properties. Besides
being the first HTS operational above the temperature of liquid nitrogen (T, = 92 K), it also presents
incredible high values of critical current density in self-field; 2-3 MA/cm? at 77 K [36]. Moreover the
anisotropy of YBCO is one of the lowest among HTS materials (5 < y < 7) [37], especially when
compared with BSCCO (25 < y < 30) [38] and other type-Il materials (Figure 1.13). This low anisotropy
leads to a substantial shift in the /L towards H., and for that, YBCO was considered a better HTS
candidate with high potential for power applications at self-field and in conditions of high magnetic
fields (Figure 1.13).

However, in recent years, substituting the Y** for other RE ions such as Nd**, Sm**, Eu®** or Gd**, became
an attractive alternative due to improvements in certain operational aspects when compared to YBCO.
For instance, La®*" and Eu®* present a critical temperate of 93 K, higher than YBCO, but still their critical
current densities range around 1 MA/cm? [39,40]. These differences in J, and T, among different RE
compounds arise mostly due to the ionic radius of the rare earth atom [41]. If the ion is too small, it is
no longer possible to achieve a single crystal phase throughout the material during synthesis, because
of the tendency of RE ions to exit the RE vacancies. Whereas if the ions are too big, there is a greater
tendency for it to substitute the Ba®* and, once again, prevent a stable single-phase formation [42].
Nevertheless, in general, RE ions with bigger radiuses seems to yield higher T, for the REBCO
compound.
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Figure 1.13: Irreversibility lines for the most used type-Il superconducting materials.
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In comparison with Y3*, Gd*" is the first bigger RE ion with lowest tendency to substitute the Ba2* in
the REBCO crystal. The GdBCO compound has a T, of 94 K, therefore increasing H., and shifting the
IL slightly above YBCO’s IL. In addition, GABCO'’s critical current density sits around 3-4 MA/cm?at 77 K
in self-field, thus representing a clear advantage over the classic YBCO (2-3 MA/cm?) for operating at
higher currents and magnetic fields.

1.4.3 The Influence of the Oxygen Content

As mentioned in the previous section, the amount of oxygen in the crystal structure of the unit cell
plays a crucial role in the final superconducting properties of the REBCO compound. As an example,
Figure 1.14 shows the T, dependency on the y in the YBa,CusO, compound [43]. Starting at y = 6,
as oxygen start randomly filling the CuO chains, the non-superconducting tetragonal structure of the
crystal is maintained up until y ~ 6.35 and so, for 6 < y < 6.35 there is an absence of the critical
temperature (T, = 0). However, for y > 6.35, oxygen starts to periodically fill the vacancies, the
a-parameter of the unit cell gets compressed and the b-parameter expands, leading to an
orthorhombic phase (T, # 0). As oxygen continues to dope the crystal, T, starts to increase reaching
its maximum of 94.3 K at y = 6.92. For y > 6.92, the crystal starts to become over-doped and T,
decreases reaching a minimum around 89 K.
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Figure 1.14: Critical temperature (T.) evolution in YBCO as a function of oxygen content in the YBa,CusOy crystal. Figure taken
from [43].

A reduced T, in the final REBCO material leads to a series of disadvantages. First, evidently, if T, goes
below 77 K, the superconducting behavior cannot be reached in liquid nitrogen and cooling costs
increase. In addition, if T, is closer to 77 K the operational temperature margin with liquid nitrogen
becomes narrower, making the superconducting behavior unstable due to small temperature
variations. Furthermore, H,, is also reduced, thus preventing an operation in high field. But, more
importantly, due to the universal Ginzburg-Laudau behavior J. o« (T, — T)3/2? in REBCO films [44], ],
is also substantially reduced with T.. Therefore, maintaining a reasonably high value for T, is
indispensable for any practical use of the superconducting properties of the REBCO materials.
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1.5 Superconducting Wires

The incorporation of superconducting properties in wires for practical use in electric devices is
probably one the main goals in the research field of superconductors. The first well established
superconducting wires were LTS metallic alloys of NbTi and NbsSn. Due to the malleability of the Nb
alloy, these wires can be easily produced in large scale with relatively inexpensive mechanical
techniques like co-extrusion [45]. However, the low performance of the LTS at high-fields (> 10T)
combined with the need for liquid helium as coolant, held back their implementation in many
applications.

With the discovery of the HTS materials, the hope for a more practical superconducting wire was
rekindled. The possibility of using liquid nitrogen as coolant finally created an optimistic scenario for
making more versatile conductors in electric devices. The first generation (1G) of HTS wires, were
produced in a Powder-In-Tube (PIT) process using the BSCCO ceramic compound [46,47]. These wires
presented relatively high T, (~ 96 K) and a reasonable J. (10*—10° A/cm?) in self-field at 77 K, but an
IL far below H., due to high anisotropy of the BSCCO crystal. Consequently, the 1G HTS wire
performance at high-fields (> 10 T) became compromised [35,48] (Figure 1.13).

The second generation (2G) of HTS wires resolve the low high-field performance of the 1G architecture
by substituting the BSCCO for REBCO compounds. In this 2G version, due to the biaxial texture
requirement for the REBCO, the wire is built in a flat tape shape following a specific sequence of
coating techniques to create a multilayer architecture. The first version of the wire was accomplished
in 1991 by Y. lijima et al. using a polycrystalline Ni-Alloy substrate coated with a biaxial oriented film
of yttrium-stabilized ZrO; to grow an oriented YBCO film [49]. Since then, the architecture substrate-
buffer-REBCO-stabilizer (Figure 1.15) has remained basically the same and the focus of research
groups and manufactures worldwide has revolved around the optimization of the deposition methods
used for the construction of these multilayers [50].

Shunt stabilizer
REBCO

buffer

substrate

Figure 1.15: Classic multilayer structure of a 2G HTS coated conductor.

The following subsections, discuss the purpose of each layer in the 2G HTS architecture in the actual
sequence of production steps. Moreover, a brief description of the most recent deposition techniques
for each layer is provided highlighting the advantages, disadvantages and pending optimizations.
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1.5.1 Substrate and Buffer

Inthe 2G HTS coated conductor (CC) architecture, the substrate usually consists of a thick (30 -100 pum)
flexible metallic, nonmagnetic Stainless Steel (SS) or Ni-alloy, usually Hastelloy c-276. The substrate is
the foundation to initiate the tape’s construction, therefore it is the thickest layer in the architecture
and is responsible for the thermal and mechanical properties of the conductor. The REBCO cannot be
deposited directly on the substrate alloy due to metallic ion diffusion from the alloy causing reactivity
in the REBCO. For this purpose, the substrate is coated with a thin buffer layer to provide a smooth
chemically inert surface for the deposition of the REBCO material. The most common materials for the
buffer layers are CeO,, MgO, Y:ZrO,, SrTiOs, LaxZr.0; and LaMnOs. Still, the most important
requirement for the wire performance is the biaxial texture of the REBCO film. In the current industrial
know-how, there are three major techniques capable of creating this texture in a continuous through
put: lon Beam Assisted Deposition (IBAD), Rolling-Assisted Biaxial Texture Substrate (RABITS) and the
Inclined Substrate Deposition (ISD).

In the IBAD process the buffer layer is deposited onto the substrate with the appropriate texture to
grow the REBCO crystal. A high-power electron beam evaporates a chosen ceramic material and the
vapor molecules condense on the metallic substrate forming the buffer coating. Simultaneously, a
high energy ion beam treats the surface of the evaporated coating, improving adhesion and creating
the right texture for the REBCO layer. Nevertheless, in the majority of cases, the texture of the initial
buffer is not properly tuned for the REBCO epitaxial growth and subsequent layers may be added to
finish the texture [51] leading to a complex buffer multilayer.

In the RABITS process the biaxial texture is created directly onto the substrate instead of the buffer.
The untextured metallic substrate goes through a sequence of rolling and annealing steps to produce
the desired texture. The deposition of the buffer layer(s) becomes more simple afterwards; it merely
mimics and transfers the underlying texture of the substrate to the upcoming REBCO film [52].

Inthe case of the ISD, a well-aligned MgO-buffer layer is deposited on a pre-cleaned metallic substrate
by Physical Vapor Deposition (PVD) using an electron beam and a turntable feeding stage [53]. The
alignment of the MgO develops naturally on the substrate due to the inclined angle of 25-30°
towards the vapor source. Due to the growth selection by shadowing and the high deposition rate of
the vapor, only the MgO grains with good alignment with the surface tilt become dominant [54]. The
alignment improves with increasing deposition rate and film thickness, reaching an optimum
reasonable texture at a thickness of about 2.5 - 3.0 um. The result is a highly oriented film composed
of a tilted columnar MgO structure. Finally, on top of the thick ISD-MgO layer, a thin MgO cap layer
(~200 nm) is grown homo-epitaxially at perpendicular incidence angle with the vapor. This final cap
layer closes the gap between the large MgO columns and creates a continuous surface for the
subsequent REBCO coating. The critical current density of the REBCO film in this case gains an extra
degree of anisotropy, becoming maximal at the direction perpendicular to the projection of the vapor
direction [55]. This approach has shown excellent quality and homogeneity for growing REBCO films
with high critical current densities (> 2.5 MA/cm?) on flexible substrates and is currently exclusively
implemented by THEVA GmbH [56].
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1.5.2 REBCO Coating

The coating of the REBCO film on the texturized substrate-buffer template is the most challenging part
of the wire construction. The methods for depositing and growing c-axis oriented epitaxial REBCO
grains can be classified as: in-situ and ex-situ growth techniques.

In the in-situ techniques, the deposition of the chemical elements and the growth of REBCO phase
material happens simultaneously. Layer-by-layer the REBCO is deposited and grown whereby each
new layer grows and reproduces the texture of the previous one. Common in-situ growth techniques
include: Pulsed Laser Deposition (PLD), Pulsed Electron Deposition (PED), Chemical Vapor
Deposition (CVD), Physical Vapor Deposition (PVD) and Sputtering. All of these techniques require a
high vacuum environment, thus making the continuous production of long length REBCO CCs
technically complicated. However, this issue did not stop CC manufacturers from creating dedicated
complex high vacuum systems to incorporate a reel-to-reel REBCO in-situ growth system (usually PLD
or MOCVD) [50,57,58] for producing meters of high quality 2G HTS tapes.

In the ex-situ growth techniques, the REBCO phase is not formed during the deposition of the
precursor chemical elements. A separate thermal treatment at high temperatures is required to form
the superconducting REBCO phase. This sequential process of REBCO deposition-growth is often used
in solution-based techniques like Metal Organic Deposition (MOD) [59] and Sol-gel [60] where no
vacuum is required for both steps. In addition, Chemical Solution Deposition (CSD) methods, like ink
jet printing (IJP) [61,62] or slot-dye coating [63], can be used to deposit the metal precursors
continuously over large substrate areas in ambient atmosphere, thus avoiding costly vacuum
equipment. This is a low-cost operation that has been shown possible at an industrial level by D-nano
[61] and Oxolutia [64].

The most recent deposition technique promising to fulfil the market needs of low-cost, performance
and scalability, was develop by the SUNAM in a novel two-step [65] reactive co-evaporation by cyclic
deposition and reaction (RCE-DR) process [66]. The two-step consists of fast co-evaporation of the
precursor films at low temperature under low oxygen pressure (PO;) and subsequent annealing at
high temperature under high PO, to produce a quality epitaxial GdBCO CC at speeds up to 360 m/h.

There are many defects that can arise naturally in the REBCO film during the growth step; oxygen
vacancies, in-plane dislocations, twin boundaries, antiphase boundaries, stacking faults, intergrowths,
etc [67]. Discussing all of these different kind of defects during the REBCO synthesis is beyond the
scope of this thesis. The bottom line is that the majority of these defects can create current percolation
issues in the film that drastically reduces J . [68]. For instance, in polycrystalline REBCO films, the grains
boundaries act as current barriers reducing J. to 10* - 10° A/cm? [69]. Nevertheless, is important to
highlight that some of these defects can act as pinning centers and actually improve the pinning forces
against flux creep, thus reducing the decay of /. with an applied magnetic field H,. This phenomena
lead to intense research revolving the intentional creation of artificial pinning centers in REBCO layer
during the CC manufacturing [70].
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1.5.3 The Stabilizer/Shunt and Interfacial Resistance

The stabilizer is the last layer in the 2G HTS architecture and its primary objective is to protect the final
epitaxial REBCO layer from corrosion with the atmospheric environment. In ambient atmospheric
conditions, a slow irreversible chemical decomposition degrades the REBCO material into non-
superconducting phases as described in equation [71]:

YBa,Cus0, + 1.5H,0 > 2.5Cu0 + 1.5Ba(0H), + 0.5Y,BaCu0s + 0.50, (1.10)

Furthermore, apart from the obvious gradual destruction of the REBCO material, the formation of
copper oxide and secondary phases creates an additional technical issue for the tape. The degraded
layer forms a highly resistive barrier on the surface of the REBCO film, thus making the injection of
high currents into the actual superconducting REBCO film practically impossible. Any physical current
contact attached to such oxidized surface, would create an unacceptable joule heating loss in the
interface. Therefore, in order to provide protection from atmospheric corrosion and a low resistance
path for practical current contacts, the REBCO film is coated with a stabilizer metallic layer.

Knowing the contact resistance is crucial for estimating the minimum contact area needed to avoid
excessive joule heating in the connection of the REBCO conductor with the current leads. A helpful
way to describe this resistance independently of the contact area is to use a quantity known as
“specific contact resistivity” (or interfacial resistance) p.:

pc = AcRc [2-m?] (1.11)

Where R, is the contact resistance in 2 and A, is the contact area in m?2. This quantity is used for
practical application purposes since the thickness of the metal/REBCO interface cannot be properly
defined.

Nevertheless, depending on the fabrication technique, the contact resistance of the stabilizer metal
on top of the REBCO can change considerably. Depositing metals like indium, lead, tin, chromium,
aluminum, nickel and copper, all lead to oxygen reactions in the REBCO/stabilizer interface causing
two problems [72]:

e the surface of the REBCO film is depleted of its oxygen, thus losing the orthorhombic phase
and destroying part of the superconducting property;

e the oxygen from the REBCO crystal can bound to an element of the metal and form an oxide
resistive barrier at the interface (> 1073 2-cm?).

Low values of interfacial resistance (< 1075 2-cm?) are only achieved by using materials with a low
affinity for oxygen like noble metals such as silver, gold and platinum. The vast majority of CC
manufacturers chose silver for the stabilizer material due to the low price in comparison with other
noble metals. The metal coating can be accomplished ex-situ or in-situ via magnetron sputtering or
physical vapor deposition (PVD) after the REBCO growth. In comparison to PVD, sputtering provides a
better adhesion of the silver onto the REBCO due to the extra kinetic energy of the silver particles
created in the bombardment of the electron gun. However, PVD is a much simpler technique that
provides the same (if not better) low interfacial resistance silver/REBCO by simply post-treating the
coating in an annealing process. The in-situ deposition of silver yields the lowest interfacial resistance

20



A Brief Review of Superconductivity

values in the 1072 — 1077 2-cm? range since the REBCO is not exposed to air degradation [72]. Still,
this approach is considerably more expensive due to the need for a multi-deposition vacuum chamber
capable of: depositing/growing the REBCO, and sputtering the silver. The additional surface resistance
of 107> — 1072 2-cm? caused by air exposure while opting for an ex-situ deposition can be easily
reduced to 107° — 107 2-cm? by cleaning the REBCO surface before coating and annealing the
metal afterwards [73]. The effect of annealing the stabilizer in oxygen atmosphere is illustrated in
Figure 1.16 for samples of YBCO coated with silver and gold contacts.
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Figure 1.16: Interfacial resistance of silver and gold contacts on sintered bulk YBCO after oxygen annealing at different
temperatures; annealing time was 1 h and oxygen was supplied at atmospheric pressure, flowing at a rate of about 2 m3/s.
The arrows pointing downwards represent data obtained from measurements in the limit of the measurement equipment.
Figure adapted from J. Ekin et al. [74].

The tuning of the interfacial resistance stabilizer-REBCO for the creation of new features in the 2G HTS
tapes is the main topic of this thesis. More information on the practical limitations revolving the values
of contact resistance 2-cm? will be discussed later in section 2.4.

1.6 The Oxygen Annealing of REBCO

During the growth process of the REBCO material, the final crystal structure arises naturally in the
tetragonal phase, and so the oxygen deficiency must be compensated to achieve the orthorhombic
phase. The standard technique for increasing the oxygen content in the REBa,CusOy film is called
oxygenation and involves the annealing process of the whole substrate-buffer-REBCO-stabilizer
structure in oxygen atmosphere. In many manufacturing systems, this is the same annealing
process responsible for decreasing the interfacial resistance silver/REBCO.

This section discusses the variables influencing the final oxygen grating of the REBCO films, the oxygen
path for it to be incorporated in the REBCO crystal, a basic introduction to diffusion theory and the
considerations for performing the oxygenation process in a viable manufacturing time.
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1.6.1 Oxygen Partial Pressure and Temperature Influence in REBa,Cus0,

In the oxygen-annealing treatment, temperature and oxygen pressure have a great influence in
the equilibrium state of the oxygen content of the REBCO crystal [75—77]. In the detailed study
performed by Jun-Ichi Shimoyama et al. [76], the oxygen nonstoichiometry behaviors for different
REBa>CuszOy compounds (e.g RE= Nd, Sm, Eu, Gd and Y) were precisely determined by
thermogravimetric measurements for different temperature and pressure conditions. The
dependency of oxygen content on temperature and oxygen partial pressure were found to be
only slightly dependent on the RE element [76]. Moreover, the range of oxygen content in YBCO
was found to be the largest among the RE elements, therefore, as a general example, the oxygen
nonstoichiometric behavior for YBa,CusOy is shown in Figure 1.17.
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Figure 1.17: (a) Equilibrium Oxygen concentration & in YBa,Cu307-s as a function of oxygen partial pressure environment PO,
for different temperatures. (b) Oxygen concentration & in YBa,CusO7-s as a function of annealing temperature for 1 atm of
PO,. Figures adapted from [76].

Looking at Figure 1.17(a), it is evident that - regardless of temperature - higher oxygen content is
achieved at higher PO, values, yet no concrete advantage is yet known by annealing above 1 atm
of PO, [78]. Moreover, for any arbitrary constant partial pressure of O,, the oxygen content in
YBa,Cus0y increases as temperature decreases (Figure 1.17(b)). For 1 atm of PO,, the maximum
concentration for § is achieved around 300 °C, still, as partial pressure drops to ambient partial
pressure (0.2 atm), so does § and consequently the superconducting properties of the material. Any
heating of a REBCO material above 300 °C for long periods of time in ambient air can end-up removing
oxygen from the orthorhombic structure, thus compromising 7.

1.6.2 Basic Theory of Diffusion

For each pressure and temperature condition shown in Figure 1.17, a certain amount of time is
required for the oxygen environment to reach the equilibrium stoichiometry in the REBa,Cus0y. This
time is crucial for producing the REBCO CCs in an industrial scalable timeframe. Therefore, the
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characteristic timescale of oxygen diffusion must be known for the calculation of an optimal
temperature profile for continuous and optimum oxygen doping during the CC production.

The diffusion of one substance into another is described using Fick's first and second laws. The first
law, assumes that the rate of mass transfer (flux) of a substance per unit area J; is proportional to the
species perpendicular concentration ¢ gradient and the diffusion coefficient D of the media.
dc
= _p— (1.12)

Ji ox
If the diffusion constant D is assumed to be the same over the spatial coordinates (isotropic media),
the specimen concentration for the three-dimensional case is described by the second law in equation
(1.13). The second law simply describes how the diffusion of the substance through the media causes
a change of the species concentration in time.

dc b d%c N d%c N 0%c (1.13)
at \ox2  dy? 0z '
Taking the one-dimensional case, the solution for equation (1.13) is given by [79,80]:
t) — Coo _(t
W=t @ (1.14)

Co — Coo

where ¢, is the initial concentration, c,, is the final concentration c(t - o), k = 8/m? is the
exponential pre-factor and 7 is saturation/relaxation time. Considering a purely limited bulk diffusion
process, T is defined by equation (1.15) where [ is the thickness of the media. The relaxation time
represents the time needed for the concentration to reach 1/e of the final value.

lZ

= (1.15)
t 2n%D

These equations are fundamental for modeling and evaluating the bulk oxygen diffusion in the REBCO
material. The exact analytical solution for anisotropic materials (D, # Dy, # D,) in three dimensions
can only be achieved in certain cases, which is why numerical methods are often used [79].

1.6.3 Oxygen Diffusion in the REBCO

For many cases, the assumption that diffusion takes place in a direction perpendicular to the surface
with a spatially constant diffusion is a sufficient approximation of reality. However, as mentioned in
subsection 1.4.1, the REBCO materials are strongly anisotropic in their physical properties. This
anisotropy extends to the coefficient D where diffusion occurs primarily through the oxygen vacancies
of the CuO chains along the ab-planes and so, the lack of vacancies along the c-axis makes its diffusion
significantly slower when compared to the ab-planes (D,;,> 10* — 10°D,) [81-83]. In this scenario,
solving Fick’s laws analytically starts to become more challenging.

One approach to simplify the diffusion modeling in an anisotropic media is to consider D a diffusion
tensor [79]. The diffusion behavior is described with three independent diffusion constants D,, Dy
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and D, along the three main crystal axes where 0; are the angles between the direction of diffusion
and the crystal axes.

D = D,cos%(0,) + Dycos?(0,) + D.cos?(0,) (1.16)

The diffusion D between a-axis and the b-axis can vary but the difference is relatively small [82], and
so equation (1.16) can be rewritten as:

D = Dg,,sin?(0) + D.cos?(0) (1.17)

Where 0 is the angle shift between the normal ab-plane and the c-axis. Modeling the diffusion with
equation (1.17) implies that for a perfect c-axis oriented REBCO film (© = 0°) the diffusion across the
thickness takes place predominantly via the c-axis. However, due to the large difference in diffusion
between the c and ab directions (D,,>10* — 10°D,.), even a slight one-degree tilt in © can make the
diffusion contribution in both directions equivalent.

Equation (1.17) illustrates how measuring the experimental D, and D, in oriented films can only be
precisely done if it is ensured that the film was not grown at an angle. Otherwise there is always some
contribution of fast loading along the ab levels, which leads to incorrect experimental values.
Furthermore, the different experimental methods used to determine the diffusion D can also produce
some differences in the measured values. These methods measure parameters that change
proportionally to the oxygen concentration: conductivity o [Q-m] in in-situ resistivity measurements
[84-86], mass swift in thermogravimetry [87] and distribution of oxygen tracer atoms (‘20 isotope) in
oxygen tracing [81,82,88].

Despite minor swifts in the orientation of the crystal for different samples (0) and the different
experimental methods, the experimental data from different authors is coherent with the fact that
the temperature dependence of the diffusion coefficient in REBCO follows an Arrhenius law as shown
in Figure 1.18. Moreover, the comparison among different REBCO single crystals reveals that the
diffusion coefficients of all crystals are in the same range. No dependence of the diffusion coefficient
from the rare earth atom has been found [89]. Therefore, the data collection of Figure 1.18 for YBCO
samples can be used to roughly estimate the time needed for oxygen loading generic REBCO films.
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Figure 1.18: Arrhenius plot of chemical diffusion coefficients of oxygen in YBCO from different authors: oxygen tracer study
from S. J. Rothman (blue triangles); oxygen tracer study from S. I. Bredikhin (black squares); oxygen tracer study from S. Tsukui
(red circles) ; in-situ resistivity measurements from K. Yamamoto (black starts); an XRD study from Z. Mori (black filled start);
oxygen tracer study from Y. lkuma (yellow cut starts); For comparison, the oxygen diffusion in silver (crossed black hexagons)
is also plotted from R. A. Outlaw.

The loading time is estimated here by considering a linear fit in the reciprocal temperature range from
1.1 to 1.8 K for D, (dashed solid line) and D.y (black solid line) in the cluster of data of Figure 1.18.
These fits can be considered the upper (Dab) and bottom (D.) diffusion limits in the REBCO crystal for
the two orientations of the lattice. Using the D, and Da fits in equation (1.17) and applying D(0©) to
equation (1.15), the relaxation time t is estimated as a function of temperature in Figure 1.19
considering an arbitrary 3.0 um thick REBCO film with initial oxygenation grating 6=0 and with
different orientation angles for ©. Figure 1.19 illustrates how impractical a perfect c-axis oriented
REBCO film would be if diffusion took place only in the c direction. For instance, oxygen annealing at
350 °C to achieve & ~ 0.2 in YBa,Cus0y. 5 and obtain optimum values of T, ~ 92 K, would take more
than 1 year. Small tilts in the orientation of the c-axis have a great influence in the oxygen loading time
at different temperatures. This behavior is observed especially in THEVA-CC where the GdBCO
superconductor grows with a tilt of approximately 22-24 ° due to the implementation of the I1SD
method [54].
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Figure 1.19: Estimation of diffusion relaxation times for 3 um generic REBCO film considering the diffusion D a tensor following
equation (1.17). The coefficients D, and D, were taken from the fits of the gathered data from Figure 1.18.

A pure bulk diffusion assisted by the ab-planes is only part of the whole oxygen exchange mechanism.
The presence of cracks, crystal defects and grain boundaries can also contribute to the diffusion across
the thickness of the REBCO film [82,85,88]. More specifically, according to the mathematical model of
Fisher, grain boundaries can be considered as regions with high diffusion Dy, capable of completely
bypassing the diffusion along the c-axis (Dgp > Dgp > D) [90]. It is assumed that the diffusing
substance can move along grain boundaries (~ 1 nm) into the depth of the film and then exit into the
grains parallel to the surface at the volume diffusion rate D, [91]. Adding the grain boundary
presence to the bulk diffusion process makes the overall oxygen diffusion in the REBCO film mainly
limited by the diffusion D,;, along the ab planes (blue line in Figure 1.19).

In summary, due to the general low values for oxygen diffusion of Dy, (~ 10 - 10? cm?/s) in the
REBCO crystal at low annealing temperatures (400 — 350 °C), annealing solely at low temperatures to
properly load oxygen becomes impractical for an industrial process. The standard annealing
temperature profile for manufacturing CCs consists of speeding up the oxygen diffusion in the REBCO
film by heating the material up to 500-600 °C and slowly cooling it down to ambient temperature [92—
94].

1.6.4 The Influence of Surface Reactions

Bulk diffusion is indeed the main mechanism for oxygen to travel towards the vacancies existing in the
CuO chains of the REBCO structure. Still, even before diffusing, the oxygen molecule must first pass
through a series of reactions on the REBCO surface for it to acquire the proper atomic state required
for initiating the bulk diffusion [95]. Depending on the state of the REBCO surface, the time required

26



A Brief Review of Superconductivity

for the completion of these reactions may or may not substantially increase the overall time for oxygen
loading. Therefore, the possibility of surface reactions must be taken into consideration when
analyzing the time for the diffusion process in the REBCO film of the CC.

According to [95], before diffusing, the oxygen molecule must first pass through 5 main reactions as
illustrated in Figure 1.20. In the first step, the oxygen must suffer physi- and chemisorption for the
rupture of the covalent bond and creation of an ionic bond (1). In the second step, the oxygen
molecule suffers ionization (2), thus becoming a 0, molecule by borrowing 2 electrons leaving a hole
in the REBCO surface. In theory, since Cu ions can exist as Cu*, Cu®** or Cu®*" in the REBCO structure,
they are considered the electron donors [96,97]. In the third step, the 02> molecule is dissociated into
charged ions O (3) and in the fourth, the ions diffuse across the surface to find an oxygen vacancy (4).
Finally, in the fifth step, the O ion is incorporated in the vacancy of the surface layer by borrowing an
extra electron thus entering the bulk oxidation state of 0> (5) and hence starting bulk diffusion (6).

vacancy

OZ 02 OZ 02 -

. O
Surface reactions 2

O,
@i

Figure 1.20: Schematic drawing of the oxygen surface reactions before bulk diffusion. The relevant steps are
(1) chemisorption, (2) ionization, (3) dissociation (4) surface diffusion, (5) incorporation and (6) bulk diffusion. This Figure was
taken from [80].

For the scenario where surface reactions limit the whole diffusion process, the saturation time T
correlates to a reaction rate linked to the oxygen exchange at the surface and the thickness of the

film. A parameter defined as surface exchange coefficient Kqpem (cm/s) overwhelms the diffusion
D (cm?/s) and relates to T in equation (1.16) to define the rate of surface reactions as:

kepem = 1/T (1.18)

Similar to the diffusion D, the reaction rate k.pem follows an Arrhenius law with a temperature
dependency described by equation (1.19):

kchem = kOe(_%) (119)

Where kj is the Boltzmann constant, E, the activation energy in eV and k,, is a pre-exponential factor
in m/s. E, represents the minimum kinetic energy required for the reaction to occur; the Boltzmann
factor kg gives the probability of the reaction to occur; ky is considered the total rate of collisions
independent of temperature and k.p.m,m is the number of collisions per time leading to a reaction
[98,99].

From step 1 to 6 in Figure 1.20, a typical assumption is that one single process limits the overall
exchange rate of oxygen between the surrounding atmosphere and the bulk material. This process is
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referred to as the rate determining step (RDS). For REBCO single crystals with low defect density, bulk
diffusion is indeed the main RDS [85,100] and for many years the majority of the superconductivity
community extended this conclusion for the realm of thin films, even though in the presence of strong
evidence pointing towards a surface limiting exchange process in other thin oxide films [101]. In the
early years of manufacturing REBCO films for CC, some authors suggested that the surface reactions
had to be considered for the oxygenation process [102,103], but it is only in the past decade that the
importance of the surface exchange mechanism became clear to be the RDS [80,99].

One major indication of surface reactions controlling the oxygen exchange process in the REBCO film,
is the presence of experimental measurements showing asymmetric rates for the in- and out-diffusion
(Tin and T4yt ). Such asymmetry is not expected from a purely bulk diffusion process. Furthermore, in
previous studies of the SUNAM group, it has been shown via Electrical conductivity relaxation (ECR)
measurements that the silver coating has a significant influence on the oxygen exchange kinetics of
YBCO films. Films coated with silver have faster exchange rates for both, oxidation and reduction
processes (T, and T,,;) and lower activation energies compared to non-silver coated samples [80,99].
This enhancement of the ex-change kinetics due to the presence of silver is another evidence that
oxygen exchange in YBCO is limited by surface reactions. Yet, the asymmetry between 7;,, and Ty
was kept in the presence of a silver coating leading to the conclusion that bulk diffusion is still much
faster compared to surface exchange kinetics enhanced by silver.

Identifying precisely the RDS among the surface reactions was beyond the practical scope of this thesis
and so, from a practical perspective the overall exchange mechanism is simply divided here into
surface exchange and bulk diffusion processes. More details about the analysis of these mechanisms
will be discussed in subsection 3.3.2 of the methodology chapter 3.
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2 The FASTGRID Project

Among all the different applications revolving 2G HTS REBCO tapes, the Superconducting Fault Current
Limiter (SFCL) is possibly the one with highest potential of fully being accepted as a commercial device
for the protection of the power grid. For many years now, different designs of SFCL demonstrators
were built and successfully tested for low and medium voltages using commercially available HTS
tapes. However, advocating in favor of all the operational advantages brought by the SFCL has been
challenging due to the elevated costs associated with the HTS coated conductor itself and the
cryogenic equipment required for operating the device. Finding the right scenario for justifying the
need for an SFCL has been a patient journey for the superconducting R&D community.

For the past 20 years, power electronic circuits using solid state switches have gradually integrated
the operational landscape of power grids forcing the integration of DC systems in the traditional AC
operation. And now in Europe, the potential need for meshing these DC systems in high-voltage has
led to a crucial re-evaluation of the safety protocol of the grid, especially regarding current faults. This
is @ major opportunity to insert SFCLs in the power grid and ensure its safety, but before reaching this
reality there is stilla demand for increasing the maximum electric field that REBCO tapes can withstand
during fault current limitation in order to implement more compact/cost-effective SFCLs specially for
HVDC grids.

In this scenario, the H2020 European project FASTGRID was conceived as a partnership between
different companies and research centers in Europe and Canada aiming to fabricate the ideal coated
conductor capable of fulfilling the HVDC requirements for a viable SFCL. In a general manner the four
main objectives of the project were:

e Increase the electrical field that these conductors can withstand under limitation without any
degradation of properties;

e Improve the value and homogeneity of the critical current I, of the conductors;

e Raise the robustness of the tapes against all kinds of operational conditions using a novel
approach to boost the so-called Normal Zone Propagation Velocity (NZPV);

e Functionalize its surface to increase the thermal exchanges with the coolant.

The majority of the objectives were accomplished and the project ended in July of 2020 with the
successful test of two pancake coils based 2G HTS tapes from THEVA GmbH soldered with a metallic
Hastelloy shunt. However, the results presented and discussed in this thesis are solely focused on the
boost of the NZPV. This chapter will explain the context of the EU power grid regarding the existence
of the FASTGRID project and the need for a SFCL. Furthermore, the work principle of a resistive SFCL
will be discussed as well as the technical and theoretical limitations revolving the use of the 2G HTS
architecture in the device and how boosting the so-called Normal Zone Propagation Velocity (NZPV)
can lead to a significant superior, safer and cheaper SFCL performance.
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2.1 The Power Grid

In this section, the basic definition of a current fault happening in the grid is presented together with
a brief description of the classic devices used for suppressing the fault phenomena. Moreover, we
discussed how the desire for a broader integration of renewable energy sources in the EU power grid
makes the traditional AC fault protection obsolete and calls for new devices capable of dealing with
high-voltage DC systems.

2.1.1 The Current Fault and Protection

Among all the expected and unexpected operational events happening in the electrical grid, current
faults are considered one of the most destructive ones. A fault can be defined as an unwanted short
circuit connection between one phase wire and another, or between a phase wire and the electric
ground. As a result, the current flowing increases suddenly and damage is caused by the extra heat
produced in the circuit. The term prospective fault current in this case refers to the highest electric
current that can exist in a particular electrical system under short-circuit conditions.

For domestic house circuits the prospective current is low. In case of two phases touching each other,
a simple fuse melts or a circuit breaker opens to safely suppress the surge of current. However, in the
case of a transmission line operating at high voltages, two conductors too close to each other is already
enough to cause the dielectric breakdown of air and create an arc. If the conditions of humidity and
air pressure are right for the air to be ionized, the arc is persistent and can only be extinguished if the
voltage is reduced. Even if the phases are securely spaced at all times, a lightning strike to the
transmission line can increase the voltage for the time needed to once again create a persistent fault
arc. Faults in transmission lines can also appear due to physical objects such as tree branches, animals,
operating cranes, and so own.

Faults must be suppressed as fast as possible to avoid damages to the equipment connected to the
grid, to secure the stable operation of power flow in the grid and to reduce potential danger to people.
Like in a domestic household, the classical approach to eliminate faults in the power grid is to suppress
the current surge by opening the circuit containing the short-circuit. As mentioned before, this is
widely done by utilizing two devices.

e A fuse: a device regulated to self-destruct upon reaching a threshold of current. Once the
device is blown, the current is suppressed and the fuse must be replaced. This solution is only
applied to low voltage grids or as the last back-up plan in high voltage grids.

e Acircuit breaker (CB): an automatic switch, triggered by a relay, capable of interrupting the
passage of current without being destroyed.

Differently from a household, different switching responses are considered depending of the fault
location in the grid. In distribution grids, line feeders usually have only one circuit breaker. Therefore,
topological considerations must be rapidly made to isolate the faulty section and later on safely
reconnect the loads. In the case of transmission grids, due to the meshed connections, power can flow
from both sides of a transmission line and so one faulty line must be isolated by the action of two
circuit breakers at each end of the line. Moreover, the grid must be prepared to operate in the N-1
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state, meaning that it is compulsory to trip (open the line) the faulty line and continue to operate.
Overall speaking, the action of fuses and circuit breakers must follow a protection plan to avoid
inconvenient tripping, but also be fast enough to protect the other elements of the grid.

For a CB to actuate, first the fault’s presence is detected by relays using an overcurrent criterion,
directional criteria or measuring the zero-sequence voltage between the phases. Moreover,
protection algorithms can be implemented utilizing different kinds of relays such as over current relays
[104], differential relays and distance relays [105]. However, for the past decade, electrical grids have
been expanding and incorporating new technologies that challenge the classical way these systems
are operated, especially in a fault event.

2.1.2 The Challenge of Meshed HVDC Network

By lowering the carbon footprint from all economic sectors in the EU, the European Green Deal,
expects the EU to reach climate neutrality by 2050. Since more than 75% of the greenhouse emissions
correspond to the energy sector, the EU Renewable Energy Directive requires that 32% of the energy
consumption comes from renewable sources by 2030.

Coincidently to the public opinion regarding the visual impact of wind farms and solar panels, the
regions with higher potential for renewable energy production are indeed far from the consumption
centers. For instance, wind velocity is considerably higher and more constant offshore than onshore,
thus making offshore wind energy more efficient [106]. In addition, in the case of solar energy, the
highest suitability range for photovoltaic cells is also in non-urban areas [107]. Moreover, thanks to
the advances in power electronics converters over the past decade, the use of DC cables for energy
transmission can now outperform the classical AC solution in the case of intercontinental transmission
[108].

+/NORWAY |

GERMANY

Figure 2.1: Estimated structure of the HVDC super grid in Europe by 2050.

In this scenario, projects like the EC Project Twenties [109] and Best Paths [110-112] have studied and
confirmed the advantages of integrating large-scale solar and off-shore wind power farms in Europe
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with a meshed/multi-terminal High Voltage Direct Current (HVDC) supergrid. The point-to-point HVDC
links used nowadays do not present any topological requirements meaning that the current fault can
be suppressed by the AC/DC converter control actions on either end of the DC side or by traditional
AC breakers on the AC side. However, meshing the HVDC lines in a multi-terminal grid like shown in
Figure 2.1, implies having to suppress faults on the DC side of the grid [113].

When operating at high voltages, protecting the grid in case of a DC fault becomes a critical issue for
the overall safety of the network. Switching times longer than 5 ms will cause significant rise in the
offshore grid frequency, which could cause the turbines to trip [112]. Moreover, the HVDC links
increase drastically the prospective current fault due to the extra current stored in the capacitors of
the AC/DC converters. When a fault occurs, besides having to deal with the N-1 protocol, a faulty HYDC
line must be isolated as soon as possible to avoid destruction of the converters. As explained in [114],
a prospective DC fault current of 3.5 kA will lead to the destruction of the antiparallel diodes of a
converter in less than 5 ms if it is not suppressed in time.

In addition, the theory behind breaking the flow of a direct current is not as simple as opening a circuit
breaker like in the AC case. For clarification, the circuit of Figure 2.2 exemplifies the basic principle of
all DC breakers with equation (2.1) describing the circuit behavior.

di di . 1
UG:La+Rl+uCB 4 E:UG—(RGI,‘FU,CB)Z (21)
RG LG
DC CB
[

Figure 2.2: Basic conceptual circuit for illustrating the conditions of a Direct Current (DC) Circuit Breaker (CB).

Where i is the current, L is the grid inductance, R;; is the grid resistance, U is the power grid voltage
and ucg is the voltage across the DC circuit breaker. This equation bluntly shows that if R is small
and constant, the fault current will only decrease (di/dt <0) if the voltage across the circuit breaker,
namely the counter voltage, exceeds the voltage of the grid (ucg > Ug). A counter voltage ucp
superior to U; must be generated for a sufficient amount of time for the fault current to be suppressed
to zero within the fault current suppression time. For this reason, differently from an AC interruption
the HVDC interruption presents some major challenges [115]:

e DC systems do not have a zero-crossing point of the current like in AC, meaning there is no
moment where the magnetic energy of the system (Li?/2) is zero. For AC systems, the zero
crossing provides an opportunity to interrupt the current when there is no magnetic energy
thus alleviating the AC breakers from absorbing the fault’s energy whereas in HVDC, the
breaker must be prepared to absorb mega joules of the energy. An example to illustrate the
magnitude of such energy is given by [115], where a HVDC circuit breaker should be tough
enough to absorb at least 11 MJ of energy when interrupting 15 kA fault current flowing in a
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100 km suspended transmission line. Such energy is equivalent to absorbing and stopping a
30-ton train running at 100 km/h in a few milliseconds.

e The faultin a DC system is only limited by the resistance R in the path of the current whereas
in AC the peak value is also limited partially by the inductance of the circuit. This means that
in HVDC the fault reaches the peak current much faster than AC. Considering a DC current
rate-of-rise in the range of a few kA/ms [116], in order to be able to handle a manageable
value of peak current, the actuation time of the HVDC breaker cannot exceed 8-10 ms. The
HVDC breaker must be somewhat 10 times faster than a standard AC breaker (20 ms) [114] to
clear the fault during the rise before reaching the theoretical peak. The HVDC fault current
might not be as high as the AC breaker rated short-circuit breaking current (63-80 kA), but as
mentioned before, the challenge is to act fast enough to prevent undesirable consequences
to elements of the DC system like the converters. According to [117] relay times of 1-3 ms for
the fault detection are considered tolerable.

e In a HVDC system, the breaker must have a robust and reliable electronic circuit capable of
detecting the fault and quickly producing (within a few milliseconds) a sufficiently high
counter voltage u.g to be able to start suppressing the current. Contrarily, in an AC system,
the breaker passively withstands the transient recovery voltage imposed by the system after
the mechanical interruption of the current.

Even with all the R&D of high-voltage DC circuit breakers in the last 20 years [118], the breakthrough
of hybrid HVDC breakers [119] and the creation of a dedicated HVDC prototype [120] for the project
Twenties, the DC fault remains anissue. According to the RC Twenties project, this technology remains
expensive, bulky and unreliable due to the high complexity of the active electronic control circuit
[121]. Furthermore, it was concluded that the cost of the fault protection function should be less than
10 M€ per equipment in order to make the meshing of a HVDC network economically viable.

2.2 The Superconducting Fault Current Limiter

One technology brings a very attractive solution to the DC fault current problem: The Superconducting
Fault Current Limiter or SFCL. Since the first SFCL concept in 1963 [122], different types of SFCLs have
been proposed with different operational principles, many have been built and successfully tested
[123,124]. In this section, we briefly discuss some of the SFCL designs and their classification giving
focus exclusively to the resistive SFCL general design, it'’s work principle, the equivalent circuit,
operational conditions and the optimizations needed for a reliable large-scale implementation.

2.2.1 A Brief Overview of SFCL Designs

In a broad classification, the SFCLs can be divided into two operational categories: the quench based
and the none-quench based. The quench can be defined as the intrinsic transition from the
superconducting state to the resistive normal state when the critical current I, is surpassed in a
superconductor element. This resistive switch happens fast and passively but it can lead to thermal
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damage in the superconductor element if not well controlled. The non-quenched SFCLs, like the DC
biased iron core type [81][82] and the Bridge type [127][128], use the DC zero-resistance feature of a
superconductor to implement an elaborate isolated control circuit for limiting the fault. Therefore,
qguench related damages are avoided and recovery times for the SC element to resume operation
become almost instantaneous. Still, apart from the DC biased iron core, these circuits are not
completely fail-safe due to the complete reliance on the actuation of semiconductors. On the other
spectrum, quench based SFCLs are considered fail-safe, but must be very well designed to avoid
damaging the SC element. These SFCL can be subdivided into: inductive, resistive and hybrid types.

The premise of a resistive SFCL (or rSFCL) is adding an SC element in series with the power grid and let
the non-linear current voltage behavior of superconductors limit the short-circuit current at the first
currentrise. This is a robust and simple implementation concept that requires no active control circuit,
but exposes the superconductor to intense joule heating, thus requiring large recovery times that can
go up to seconds. Furthermore, the device size and the amount of superconductor material needed
for a resistive type SFCL scales considerably with the rated current and voltage. Nevertheless, given
the simplicity and reliability of this design, many prototypes have been built and tested [129-135]
with different designs for the SC element and some medium-voltage models were even considered
for full commercial applications [136]. These designs for the resistive SC element will be discussed in
subsection 2.2.3.

The inductive SFCL type is also referred to as the shielded type and its circuit design can be basically
compared to a classic transformer with the primary winding connected in series with the grid and a
secondary winding made of a perfect short-circuited superconductor [137]. In normal operation, the
current induced in the secondary winding is below I. and the superconductor shields the magnetic
field inside, making the resulting impedance equal to the low stray inductance between windings. In
the occurrence of a fault, the induced current surpasses I, the superconductor winding quenches and
the magnetic shielding disappears, thus increasing the impedance in the primary winding and limiting
the current. Differently from the resistive type, the inductive type does not present an invisible
impedance to the grid in normal operation, but it can be designed to reach neglectable values. The
key issue with this concept is maintaining a practical size and weight for the device while using aniron
core for the windings of the magnetic circuit. Some designers have proposed removing the iron core
[138], but the results of the air coil demonstrated a significant reduction of the impedance for
limitation.

Observing the overall advantages and disadvantages of both resistive and inductive SFCLs, for the past
two decades, R&D designers have come up with hybrid switching concepts trying to incorporate solid-
state breakers and fast mechanical switches into the SFCL. Many arrangements have been proposed
and successfully tested [139-142], but these systems tend to become complex as trying to scale to
transmission level voltages [124].

Nevertheless, even in the presence of such variety of SFCL designs, none of the state-of-the-art models
are yet fully commercially available for high voltage applications. However, it is reasonable to assume
that the best design would emerge from fulfilling the majority of the requirements expected from an
ideal fault current limiter. These requirements can be listed as [124]:

o Fast and effective current limitation
o Quick and automatic recovery time
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o Fail-safe and reliable operation
o Low AC loss and low normal operation voltage drop
o Compact and light weight

All SFCLs can achieve fast and effective current limitation, the major differences appear in the recovery
time, fail-safeness, normal operation loss and size/weight. That being the case, when comparing the
SFCL types, the classic resistive concept remains as one of the most promising approaches since it
checks the majority of the present bullet points.

2.2.2 Work Principle of a Resistive SFCL

The single-phase circuit for a purely resistive SFCL is shown in Figure 2.3. The SFCL module is
represented by two resistances connected in parallel: the variable resistance of the superconductor
material Rgc and another “fixed” resistance Rg,n: representing all other conductive materials. Both,
the SC element and the shunt resistance, remain cooled by the cryogenic environment (T,,) at all
times. Figure 2.4 shows the three operation modes of the SFCL module.

For the grid operating in normal condition, the current flows with rated value (I, = I;) smaller than
the SC critical current (I, < I.), as a result Rg¢ = 0, thus making the SFCL impedance neglectable to
the grid. In a fault condition, if the current I, surpasses I, the SC element will start dissipating energy
and enter the normal state. Consequently, the resistance Rg. increases sharply following the Power
Law (subsection 1.3.4). This resistive switch, from the SC state to the normal state, is also known as
“quench”. The sudden Rs. increase after the quench will limit the rise of I,. to an acceptable
operational level. Meanwhile, as Rgc increases, Rgpune Starts sharing current to alleviate the joule
heating created in the SC element before the opening of the CB. Without a CB, if the fault persists for
too long, the joule heating could damage or even destroy the SC element. Once the CB is opened, the
current is cut and the SFCL module enters the recovery process where the cryogenic environment will
cool down SC material back to Rg: = 0.
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Figure 2.3: Equivalent electric circuit for pure resistive SFCL connected to the power grid.

35



The FASTGRID Project

After recovery, the circuit breaker closes and the SFCL goes back to “Normal Operation”. If the fault
persists, this limitation cycle repeats until the fault is completely extinguished, or the circuit breaker
is kept permanently open waiting for a contingency plan. Due to the fast and intrinsic switching
behavior of the SC element, this type of SFCL is considered fail-safe and offers many technical and
economic benefits to the power grid [143].

Normal Operation Short-Circuit (Fault) Recovery

... NoSFCL
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Current
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Figure 2.4: Operation modes of a resistive SFCL module.

2.2.3 The SC Element

All ceramic HTS superconductors that rely on the disposition of Cu-O planes to achieve the
superconductor state, present lower J. and H, properties in the polycrystalline structure when
compared to their respective crystal orientated phase. However, melted cast processed (MCP) BSCCO
2212 [144], even though poly-crystalline, has reasonable properties for practical applications. For
instance, the critical current density has a moderate value of J.~1000 A/cm? at 77 K, and the J,
reduction due to external magnetic fields is one order of magnitude lower than the polycrystalline
YBCO [145], making the use of MCP-BSCCO 2212 manageable in self-field even in high current
applications.

The first robust prototype of a resistive SFCL for medium-voltage-level was developed and
manufactured by Nexans Superconductors using the MCP-BSCCO 2212 material to make tubes cut
into bifilar coils [146]. The module (Figure 2.5) was built in 2003 and successfully tested in a three-
phase 10kV, 10 MVA demonstrator named CURL10 [147,148]. This design, although practical,
presented difficulties with scaling up to higher voltages and Nexans changed the focus to the resistive
type with magnetic field assisted quench [149].
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Figure 2.5: Pictures of the demonstrator CURL10, 10 kV, 10 MVA resistive SCFCL. (a) Fully assembled SFCL with cryostat and
cryocoolers. (b) The bifilar MCP BSCCO 2122 tube used as the SC element. (c) The internal structure placed inside the cryostat
with the MICP BSCCO 2122 coils.

The past 15 years of development of high performance textured REBCO materials on metallic
substrates also played a role in over shadowing the use of MCP-BSCCO 2212. The potential of REBCO
materials like YBCO only became noticeable once methods of preparing it in textured ways began to
appear. In the 90’s, melted textured bulk YBCO structures created from single domains, either by
Bridgman [150] or top-seeding grown [151], provided the first opportunities to test the YBCO material
for current limitation [152,153] and in several SFCL demonstrators [139,154]. In bulk YBCO, the lack
of high angle grain boundaries (HAGB) yields J. values up to 10* to 10° A/cm? and the characteristic
n-value in the Power-law (E(J) « (J/].)") is higher than BSCCO, thus making a sharper transition to
the normal state above J. [155] . However, current limitation tests turn out to be destructive for the
majority of bulk YBCO samples and not enough development was accomplished to scale it up to
industrial SFCL devices. Nevertheless, these bulk YBCO structures remain valuable as “proof-of-
concept” for resistive SFCL and other devices.

In parallel with the developments of bulk YBCO in the 90’s, the improvements of physical vapor
deposition (PVD) methods for thin films like IBAD also showed the potential for coating structures with
YBCO for applications. But in the initial stages of this research, the levels of J. at the time were not
enough to justify the use in the resistive SFCL. The game changer for the RECBO materials only started
becoming clear in the early 2000’s when thin YBCO films grown on long lengths of metallic substrates
started to presented consistent values of ], in the MA/cm? range at 77 K. As discussed in section 1.5,
the multilayer structure of these 2G HTS tapes, besides allowing high-values for J., offers many
advantages for implementing the resistive switching behavior into the rSCFL. For instance, the
recovery time depends very much of the geometry of the superconducting material. For a thin film
superconductor, the recovery time ranges from a second to a few seconds whereas for a bulk the
recovery time can take minutes [156,157]. Moreover, the asymmetric shape of the conductor reduces
the AC losses [158] when compared to bulk materials and makes it technically easier to inject current
into the REBCO layer.
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After the first successful test of a rSFCL with YBCO coated conductors in the European Superpoli
project [159], many follow-up theoretical analysis and prototypes have shown the great potential of
these wires for current limitation [160] and other applications. Consequently, for the past 10 years, all
major projects on resistive SFCLs have based their designs on REBCO tapes [136,161-166]. The
traditional approach was to substitute the BSCCO 2212 tubes (Figure 2.5(b)) for bifilar coils of 2G HTS
tapes (Figure 2.6) staked in series.

Figure 2.6: FASTGRID pancake bifilar coil prototype (5 kV/1.5 kA) sub-module. According to the FASTGRID specifications one
module will consist of 10 sub-modules of coils connected in series. In the sub-module coil, two bare CCs are separated by two
corrugated fibre glass tapes. This configuration provides the HV isolation and an efficient cooling. The critical current is about
2.6 KA. Figure taken from [164].

The idea of using a thin YBCO film grown on sapphire substrate [167,168] was also investigated for
resistive SCFCLs. The first functional model was accomplished on epi-polished sapphire wafers by
Siemens in 2000 [129] and led to a 100 kVA successful test following the manufacturing of a three
phase 1 MVA demonstrator in 2001 [169] and a 1 kA DC prototype [170] in 2005. Although promising,
a major issue for the commercialization of this SCFL with epi-polished sapphire wafers is the cost and
the limited wafer size resulting in a large number of connections to reach the desired rated voltage
and power [114,124]. One way to reduce the wafer cost is to increase the power-surface ratio
YBCO/Sapphire to reduce the amount of sapphire needed. This concept is seen in the attempt of
designing new meanders [171] and trying to coat both sides (top and bottom) of the sapphire with
YBCO [172]. A second way is to use sapphire ribbons produced by the Edge defined, Film-fed Growth
(EFG) process instead of wafers. The EFG process can continuously grow thick long length ribbons and
assure the maximum surface utilization when depositing the YBCO. However, dealing with the
roughness of the EFG sapphire is still a challenge for consistently growing thick high-quality epitaxial
REBCO films with high values of critical current density above 1 MA/cm?. Another indirect way to
compensate the overall price is to grow the YBCO with cheaper techniques like CSD [50,61,173]. Still,
the inherit costly manufacturing process of the sapphire currently remains the major barrier [174].
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2.2.4 Operation in Liquid Nitrogen

The simplest way to cool down the SC element for operation in the SFCL (and other HTS devices) is to
submerse it directly into the 77 K cryogenic environment of liquid nitrogen (LN;). This method
although efficient, has an inherent disadvantage regarding the heat transfer in the liquid/solid
interface between the SC and the LN,. Depending on the temperature difference between the liquid
and the solid, the heat transfer decreases drastically due to film-boiling formation in the interface.
Figure 2.7 shows the heat-flux in the liquid/solid interface as function of the temperature gradient
between the domains at 1 atm.
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Figure 2.7: Heat transfer from a metal surface to liquid nitrogen, showing nucleate-boiling and film-boiling regimes. Figure
adapted from [175].

For low temperature gradients AT < 10 K, the heat fluxis low (< 2 X 10° W /m?) and the liquid/solid
interface is continuous. This regime is called nucleate-boiling and according to [72], the average heat-
transfer in this condition can be approximated by the function:

g = [5 X% 102]AT?° [(W /m?)(K~%5)] (2.2)

As AT increases beyond 10K, at a critical heat flux of about 2 x 10° W /m?, nitrogen gas starts
forming in the interface creating an insulating film that drastically reduces the heat transfer. In this
“film-boiling” regime, if the heat source in the solid is not controlled to stay below ¢, the temperature
of the solid will increase rapidly. In the case of a REBCO conductor operating in an SFCL, the dissipated
energy during the fault is orders of magnitude higher than g, and so, almost all heat transfer happens
via conduction along and in between the layers of the CC. For this reason, the overall thermal
conductivity and heat capacity of the CC plays a vital role in limiting harmful temperatures in the

REBCO film during quench.

For an SC element operating in a continuous superconducting state, equation (2.2) is a straightforward
approach for the design of current contacts and other electric elements relying on the cooling
mechanism of liquid nitrogen. This equation will be used later on to explain the operational limits of

high interfacial resistance silver/REBCO.
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2.2.5 The Hot-spot Regime

Because of the manufacturing techniques used to synthetize the REBCO material in the CC, the value
of the critical current I, is not completely homogenous across the whole length of the conductor. As
an example, the I, fluctuation along 12 meters of a GABCO tape produced by THEVA GmbH is shown
in Figure 2.8. This tape has a maximum I, of 622.4 A with an average of 517.3 A and a standard
deviation g of 36.39 A (Appendix Figure D-2). The standard deviation here is less than 10%, meaning
a fairly homogenous I, distribution. Nevertheless, even with a higher homogeneity (o < 5%) it is
almost impossible to avoid small region(s) with lower critical current.

During a short-circuit (Figure 2.4), depending on the level of the current fault, the SFCL can end-up
operating in two different conditions: the clear-fault or the hot-spot regime. A dead short-circuit,
means that no impedance is in the way of the current fault and so the prospective current I, of a
dead-short is usually much greater than the critical current I, of the HTS conductor. This creates the
ideal clear-fault scenario, where the I. inhomogeneities become irrelevant and the conductor’s length
guenches homogeneously. However, dead shorts are rare events and more than 90% of short circuits
happen through an impedance, thus making the prospective fault current range randomly from
nominal values up to a clear-fault condition.
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Figure 2.8: Tape star critical current scan for 12 meters of THEVA GmbH tape code FG-ICMAB-001. The official report of this
scan can also be found in Appendix D of this thesis.

In case of a fault through an impedance creating the condition I, ~ I, a lower I region in the
conductor will locally dissipate energy in the form of heat, thus creating the commonly known
“hot-spot”. As long as the cooling rate of the cryogenic fluid (liquid nitrogen) plus the heat conduction
along the wire balances the joule heating in this hot-spot zone, the superconductor will remain
thermally stable and no resistive normal zone will appear. However, if the dissipated energy in the
hot-spot surpasses a certain amount, the conductor will quench locally and expand in a thermal
runway across the length. If the quenched zone does not spread fast enough, the heat accumulation
in the initial hot-spot can damage the tape irreversibly. Assuming adiabatic conditions, the minimum
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amount of energy required for initiating a quench is known as the minimum quench energy (MQE)
and is described by [176]:

Ty
QmqE =f C;tJOt(T) dT

Top

Where Ty, is the initial operating temperature of the wire and T} is the temperate where current starts
being diverted to the substrate and the other metallic coatings. The MQE is also referred to as the
stability margin and depends solely on T; and the total thermal capacity of the wire. The presence of
metallic layers in the substrate and the stabilizer (Hastelloy, Ag, Cu, Ni, etc.) increases the thermal
capacity c};"t(T) setting a higher energy Qur for the hot-spot to initiate quench.

2.3 The Design of the Resistive SFCL with 2G HTS Tapes

The dimensions of the metallic layers on a REBCO tape can have a significant impact in the
cost/performance of the SFCL. These relevant dimensions are depicted in the simplified cross-section
scheme of a HTS tape in Figure 2.9 [177]. Assuming that the electric and thermal behavior is
completely homogenous throughout the cross-section of the wire, the total normal state resistivity
and the volumetric heat capacity //(cm3-K) of the conductor becomes a compound value of all
materials involved in the construction following the formulas:

1 < 1 1 <A
clot = z cA and — = Z LG (2.3)
P Atotal m=1 pom ptot Atotal m=1 Pm

Where M is the number of conductive and non-superconductive materials effectively changing the
conductor’s conductivity 1/p and thermal capacity c,. The area A, represents the cross-section area

of the material m with resistivity p,,, and specific heat c".

Stabilizer & Shunt

Figure 2.9: Simplified cross-section of a 2G HTS REBCO tape for calculating the compound parameters of thermal capacity
cp®t (J/em3-K) and electrical resistivity pt°*(Q-m).
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This simplification although not completely accurate, allows a thoughtful preliminary consideration of
the ideal dimensions: Tape width wy, , total thickness e.,,,4 and total length L. required for an HTS
tape to operate safely in an SFCL for all fault scenarios.

2.3.1 The Conductor’s Width wg,

In steady state conditions, the grid current has the rated current value I, and expected current
transients. These transients most commonly happen due to sudden load changes such as starting large
induction motors and spikes in the consumption demand. To avoid the SFCL being triggered by such
events, an over current margin k,I, must be considered when choosing I. for limiting the current.
Hence, the optimum conductor’s width can be estimated as [178]:

kqly
Wse =

= —Ic—w(T — Top) (2.4)

Where k, is the overcurrent margin and I._,, is the critical current per unit width, a convention unit
used for REBCO conductors (IC(TOp) = C_W(Top)wsc). From a cost point of view, I._,, should be as
high as possible to narrow the conductor’s width and save material. For this reason, increasing I._,,
by reducing the nitrogen operational temperature from 77 K to 65 K has been a topic of interest in the
SFCL community [179,180]. As a benchmark, the critical current of a commercial REBCO conductor is
typically around 400 A/cm-w at 77 K and 800 A/cm-w at 65 K. Moreover, the current margin k, should
also be minimum to reduce cost. Nonetheless, it cannot be too low, otherwise it will trigger the current

limitation under transient operation. Once the optimal w, width is set by the rated current, the actual
tape width should be adjusted considering parallel paths and the available commercial tape widths
(ranging from 4 to 12 mm).

2.3.2 The Conductor’s Length Lg,

The minimum tape length Lg. required to operate an SFCL at a specific rated voltage is defined by the
clear-fault condition. In principle, during the clear-fault (I > I.), the temperature of the HTS material
will rapidly increase homogeneously across the width and length due to joule heating. To avoid
thermal damage to the HTS material, the CB must cut the current after a pre-determined time before
the conductor reaches its maximum allowed temperature. As deduced in Appendix B and in [178],
considering adiabatic conditions and a homogenous quench, the minimum length Lg- can be
estimated as:

At
J p(T)ey (T)dT

Lsc =Vsc (2.5)

Where T4, is the maximum allowed temperature in Kelvin before risking degrading the REBCO
thermally; T, is the critical temperature; At is the clearing time for the CB to open (limitation time) in
seconds; and V. is the RMS value of the voltage across the SFCL module. An important parameter
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derived from Lg. in equation (2.5) is the electric field under limitation E};,,, = Vsc/Lgc. This electric
field Ej;, indicates how much voltage can be applied to 1 meter of conductor for a safe current
limitation without overheating the tape.

1 Tmax
Eiim = A_tf p(T)c, (T)dT (2.6)

Tc

In general, the clearing time for the CB should be as short as possible to suppress the temperature
rise. However, to avoid a price compromise for the SFCL by implementing an expensive ultra-fast CB,
a classical CB with 40-50 ms action time must be considered. Moreover, the REBCO structure itself
does not suffer any significant degradation to brief temperature increases up to 720 K [181], but
changes in the critical current can occur due to oxygen loss in the CuO chains for long periods of time
at temperatures above 150 °C in ambient atmosphere. Therefore, for general safety reasons, the limit
for T,nax is considered 400 K to avoid possible I. reduction after several current limitation cycles. In
other words, the only way to safely adapt the length Ls. to a safe clear-fault scenario is to alter the
conductor’s total normal state resistivity p and/or the specific heat capacity c, according to equation
(2.5).

Nevertheless, increasing Ej;, to reduce Lge by focusing solely on tuning the thicknesses of the
metallic layers has its theoretical limits. As an example, considering a generic commercial REBCO tape
of 12-mm-width with silver stabilizer (top and bottom stabilizer) and Hastelloy substrate, equation
(2.6) can be used to plot the surface Ej;,, for different thickness combinations as shown in Figure 2.10.

Siver(m) 107 . Hastelloy (m)

Figure 2.10: The maximum electric field under limitation E,;,,, for a standard 12-mm-wide HTS tape considering different
thicknesses for the silver stabilizer and the Hastelloy shunt.

When analyzing the surface, it's easy to see how any small increase in the stabilizer thickness
(micrometers) would represent a drastic decrease in Ej;,, due to the silver’s low resistivity, but due to
the Hastelloy high heat capacity [182] and high resistivity compared to silver, the increase of the
substrate thickness increases Ej;;,,. However, increasing the substrate thickness also reaches a
theorical limit of about 160 V/m (for 400 K and 50 ms fault) because of the Hastelloy’s considerable
electrical conductivity as a metallic alloy. Moreover, the required Hastelloy thickness to reach the
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160 V/m range becomes too large (~ 1 mm) leading to a very stiff conductor; not easy to wind. This
practical restriction hinders the substrate thickness and Ej;,,, to a maximum value around 150 V/m as
shown in the contour lines of Figure 2.11.

100

Silver thickness (p:m)
o

1 o Al s ooaaoa ol s PR TS A
0.01 0.1 1 10

Hastelloy thickness (mm)

Figure 2.11: Contour lines of the maximum electric field under limitation Ej;,, (V/m) for a standard 12-mm-wide HTS tape
considering different thicknesses of the silver stabilizer and the Hastelloy substrate.

2.3.3 The Conductor’s Thickness e ond

As explained before in subsection 2.2.5, hot-spots zones with intense heat dissipation can develop in
the CC because of inhomogeneous I distribution in the REBCO film or due to secondary thermal
perturbations that are promoting local quench. For the scenario of a prospective current fault equal
to the minimum quench current, the hot-spot quenches, but the normal zone expands slowly (cm/s)
due to the high thermal capacity of the tape (The velocity of the expansion of the normal zone will be
addressed in more details in the final subsection of this section). As a matter of fact, the small
guenched zone does not really expand in the millisecond timeframe of the CB action thus creating a
low resistance in comparison to the original fault impedance. In this situation, differently from the
clear-fault scenario, the current fault is not immediately limited and the grid behaves as a current
source supplying a current with a value close to the CC’s I... This is the worst-case scenario in the SFCL
and the thermal equation described in Appendix B defines the minimum transversal area A ona
needed to withstand the hot-spot scenario as [178]:

_ Tmax Cp(T) -1 5
Acona = I |At <-ch (T dT) (2.7)

Dividing both sides of equation (2.8) by the width of the conductor we have:
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_ Tmax Cp(T) -1
econd = le-w At( fT ) dT) (2.8)

Where eonq is the final CC thickness required to withstand the hot-spot scenario for a certain critical
current per unit width I._, (subsection 2.3.1). However, this thickness e ,nq is considering the
compound values of ¢,(T) and p(T) for the CC and these values are already a function of the
combined thicknesses of the substrate and the stabilizer in equation (2.3). Therefore, the final
thickness can actually be better evaluated by isolating the I, term and rewriting equation (2.7) as:

Tmax
! f & (M) dT (2.9)

I .. =A .
c—lim cond At I, p(T)

Equation (2.9) allows an evaluation of the maximum critical current I._;;;, permitted in a CC with a
specific thickness e;ynq (substrate + Hastelloy) to survive the hot-spot regime for a certain amount of
time At before the opening of the CB. Considering the same generic commercial REBCO tape of
12-mm-width with silver stabilizer (top and bottom stabilizer) and Hastelloy substrate of the previous
subsection, equation (2.9) can be used to plot the contour lines of I._;;,, for different thickness
combinations as shown in Figure 2.12. As the thickness of the stabilizer and the substrate increases it
is clear that the I._;;;, expands due to a direct mass bump up in the thermal capacity and the inherit
electric conductivity of the materials involved. However, when increasing the silver stabilizer, a
compromise is made between I._;;, and Ej;, (Figure 2.11.), thus making the Hastelloy the preferable
material for tuning I._;im.
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Figure 2.12: Contour lines of the maximum critical current 1._;;,, (Ampere) in hot-spot regime for a standard 12-mm-wide
HTS tape considering different thicknesses of silver stabilizer and the Hastelloy substrate. These curves were calculated with
a limitation time of 50 ms and a maximum allowed temperature of 400 K.

As an example, in the case of a standard THEVA tape with 100 um hastelloy substrate and 2 um of
silver stabilizer, E};,;, = 100 V/m according to Figure 2.11and I._;;;, = 290 A according to Figure 2.12.
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Nowadays, THEVA's I, is able to surpass 1000 A, meaning a massive vulnerability to the hot-spot
scenario. If one would try to increase I._;;;, to 1000 A by depositing extra silver or copper to reach
40 um of stabilizer, E};;,, would be reduced below 30 V/m. On the other hand, increasing the hastelloy
thickness from 100 um to 600 pm also increases I._;;;, slightly beyond 1000 A, but also conveniently
pushes Ej;;,, beyond 150 V/m.

From the perspective of equation (2.6) and (2.9), the simplest solution to simultaneously maximize
Ejim and I._;;,, for the resistive SFCL seems to be increasing the Hastelloy substrate to about 500 um.
However, in the quest of creating HTS tapes with high critical currents for overall applications using
coils and cable-based devices (motor, generators, magnets, etc), the final performance of the tape is
dependent on the whole-wire cross-section, i.e the engineering critical current density J, (A/mm?).
For example, in the case of accelerator magnets, an engineering critical current density of at least
3 -6 kA/cm? is required [183]. However, in typical commercial CC, since the thickness of the REBCO
layer is around 1-3 um while the entire conductor thickness is in the range of 50-120 um, J, values
are significantly smaller (~ 3 kA/cm?) than the REBCO’s /. (1 —4 MA/cm?). Increasing the thickness of
the Hastelloy substrate would only aggravate the issue. Furthermore, attempts of growing thicker
REBCO films above 3 um face the problem of decreasing the average J. due to the deterioration of the
microstructure with increasing thickness [184].

With the focus on keeping-up with the needs of the market for the past years, CC manufacturers have
opted to increase J, by reducing the wire thickness targeting the thick Hastelloy substrate [185—-188].
Therefore, for economic reasons, all manufactures start from a "standard” thicknesses of 100 um or
50 um thick substrate. Proposing a change from 50 or 100 um to a thickness of 500 um substrate just
for the optimization of a tape for the resistive SFCL case is not an attractive solution for companies.
More specifically, in the case of THEVA GmbH, the current reel-to-reel system is not compatible with
the 500 um thick Hastelloy tape. For this very reason, the solution proposed in the FASTGRID project
was to solder the thick 500 um Hastelloy tape on top of the silver stabilizer of a 12-mm-wide THEVA
tape with 10 um of tin solder. Besides being more convenient, this soldering method also protects the
tape by keeping the REBCO layer closer to the neutral axis of the mechanical stress happening between
layers. The results for the THEVA tape with 500 um Hastelloy shunt were experimentally successful
for samples with I, = 720 A at 100 V/m for 50 ms [189].

2.3.4 The Cost of an SFCL

The constraints Ej;,,, and I._;;m, mentioned previously are not only technically important, but they also
help estimate the most crucial variable to be considered: the final cost of the total amount of HTS
conductor in the SFCL. The final HTS tape cost can be approximated by:

Csc

CoSteond = kaSq—=—— (2.10)

Elim
Where k, is a coefficient considering the range of overcurrent during the grid normal operation, S, is
the rated power fixed by the grid, Ej;,,, is the maximum electric field under limitation and Cg. the cost
of the superconductor material. The cost Cs- is a quantity commonly expressed in €/kA/m and
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represents the cost of one meter of SC tape with a critical current of 1 kA. The present Csc for REBCO
tapes ranges from 200 - 250 €/kA/m at 77 K.

Considering the installation of an SFCL into a HVDC grid operating at * 320 kV/1.5 kA with the
parameters k, = 1.5 and Cgc = 200 €/kA/m. If one would use a standard HTS tape with 100 um
Hastelloy substrate, according to Figure 2.12, the amount of silver stabilizer required to safely operate
for 50 ms at 1000 A in hot-spot regime above the I._;;;, curve would be approximately 40 um. This
thickness combination (substrate + stabilizer) would reduce E};;, to 40 V/m and, according to (2.10),
lead to a total length of 8 km yielding a cost of 3.6 M€ just for the CC. This estimation shows how the
cost of the SC conductor alone can correspond to more than 30% of the maximum 10 M€ budget
stipulated by the EC project Twenties [109]. Adding the additional costs of the cryogenic equipment
and the switching gear would make the SFCL too expensive for HVDC operation. Therefore, reducing
the conductor cost becomes a critical requirement to implement the SFCL into a HVDC grid.

One way to artificially reduce the cost Cg. is to increase the tape’s critical current by operating the
SFCL in a pressurized liquid nitrogen environment at 65 K instead of 77 K. This approach doubles the
critical current and should reduce the cost by half [179]. However, doubling the fault currentincreases
drastically the amount of power that one single segment of tape should absorb during the quench.
This makes the tape more sensitive to hot-spots for low prospective current faults. The tape should
be very well designed to have a high thermal capacity to suppress hot-spots and be able to withstand
the thermo-mechanical effects.

For direct commercial applications, the major expectation in the HTS community is the direct
reduction of the manufacturing cost associated with Cs.. However, the price of the source materials
utilized in the construction of the REBCO conductor is not the main culprit for the high Csc value. The
price is rather constrained by the different manufacturing processes requiring expensive machinery
for preparing the different layers and synthesizing the REBCO material. From this perspective,
increasing Ej;,, to reduce the length of tape needed in the SFCL becomes the preferable short-term
solution to reduce the total SFCL cost.

In summary, equation (2.6) shows that in order to maximize Ey;,, and reduce cost, a high ¢, (T) and
high p(T) is required, but equation (2.9) indicates that a CC with high ¢, (T) and small p(T) is
preferable for a current fault in a hot-spot regime. A cost compromise is inevitable when trying to
optimize E};;,, and I, focusing only in the metallic layers of the substrate and stabilizer. Moreover,
in the case of one opting for an increase of E};;,, by removing some stabilizer/shunt material, the only
alternative solution for I._;;;,, would be reducing the limitation time for the switching of the CB, which
cannot always be accomplished.

2.3.5 Alternative Solutions for Improving the CC Design

One way to maximize Ejjmy, Ic—iim, and reduce cost, is to increase the CC thermal capacity ¢, (T)
without changing the electrical resistivity p(T) by adding an extra non-conductive layer on top of the
shunt stabilizer. In this scenario, the heat dissipated during the quench or hot-spot formation is not
reduced and the non-conductive (high-p) layer should act as a thermal stabilizer suppressing the
temperature. In the FASTGRID project, this kind of “insulated heat sink” was experimentally studied
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by colleagues at the Slovak University of Technology in Bratislava using a commercially available
Stycast resin filled with different high-c,, materials [190,191]. Some of the results were promising, but
one major challenge of this approach is to match the thermal expansion of the resin-epoxy composited
to the whole CC to avoid possible delamination and strain degradation of the REBCO during the quench
[192].

—= high-c, layer Ag Shunt

1 + Ag stabilizer

REBCO film
MgO buffer

Hastelloy
substrate

Figure 2.13: Classic multilayer structure of a 2G HTS tape coated with a silver shunt, plus an extra insulating layer of a material
with high thermal capacity c,,.

Another approach, already mentioned in subsection 2.2.3, that can substantially increase the CC
thermal capacity ¢, (T) and reduce p(T) without compromising the tape’s integrity in the hot-spot
regime, is the sapphire substrate-based REBCO tapes. Besides being an insulator, sapphire has a
thermal capacity significantly higher than Hastelloy for temperatures > 150 K (Appendix Figure A-1).
This combination of properties theoretically pushes Ej;, to the 1000 V/m range bringing very
attractive economic advantages to the architecture [164,193]. Furthermore, sapphire possesses a
thermal conductivity that is orders of magnitude higher than silver, copper and Hastelloy (Appendix
Figure A-2), thus leading to a very high thermal diffusivity (Appendix Figure A-3) capable of suppressing
the temperature rise of a hot-spot much more efficiently.

However, as mentioned in subsection 2.2.3, the technical difficulties of homogenously growing the
thin REBCO film with J. >1 MA/cm? on top of a rough unpolished sapphire surface without crack
formation [194], combined with the inherited costly manufacturing process of sapphire rods, remains
as major barriers for the large-scale adoption of the sapphire tape designs [174].

2.3.6 The Normal Zone Propagation Velocity

As commented before, a hot-spot can intensively heat to the point of causing the rupture of the SC
conductor if either not suppressed, or if the normal zone does not spread fast enough to homogenize
the temperature of the quench. How fast the HTS material quenches along the conductor starting
from an arbitrary position along the length can be described by the Normal Zone Propagation Velocity
(NZPV). The simplest way to assess the NZPV of a conductor is by measuring it experimentally as
described in section 3.4. Another less time-consuming method, is through numerical simulations. This
is particularly useful in the case of systems with complex CC designs. Nevertheless, the most practical
way to evaluate the NZPV is to use the formulas that result from the solution of the heat equation
describing the quench process. In a theoretical analysis performed by M. Bonura and C. Senatore
[195,196], the characteristic NZPV is described by:
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| k(T:) - p(T:)
nzp = —— =D .
Vnzp = cp(Ty) - f;:p ¢, (T)dT v (2.11)

Where k(T) is the compound thermal conductivity (W/m-K) of all materials in the CC, ¢, is the
compound volumetric heat capacity (J/m?*-K) of the CC, p(T) is the compound resistivity (Q-m) of the
CC conducting layers in parallel, d is the combined thickness (m) of all the metallic stabilizers sharing
current with the HTS layer, w is the tape’s width and I is the sheet current (A) in the CC. From this
equation the primary parameters influencing the NZPV can be described as the thermal diffusivity

Dr =k/c, (m?/s) and the characteristic time y = pI?/(c;’ fTTt cp,(T)dT) (s) required for a
op

segment of the conductor to heat up to T; and start sharing current to the shunt layers. Although not
precise, equation (2.11) gives a reasonable estimation of the NZPV for comparing different
architectures with different shunt materials.

In the case of LTS wires operating in liquid helium, the small thermal capacity and high thermal
conductivity of the metal alloys (Nb-Ti and Nb-Sn) makes the conductor more prone to quench (small
Qumoe) in the presence of a thermal disturbance like a hot-spot. On the flip side, their small thermal
diffusivity and small temperature margin, leads to an NZPV of several meters per second (m/s) [197].
From a protection point of view, a high NZPV value allows a rapid detection of a quench and safe
current mitigation. Contrary, the HTS REBCO tapes are naturally more stable in the presence of hot-
spots due to the increased heat capacity of the Hastelloy substrate and higher temperature margins.
On the down side, the NZPV becomes significantly slower (in the range of cm/s) [198,199], thus making
the quench detection and protection more difficult.

Since the NZPV along the width of the tape is neglectable when compared to the longitudinal NZPV,
many authors have used 1D numerical models to evaluate the influence of the NZPV in the
performance of 2G HTS tapes [198,200]. In one 1D analysis performed by Daniele Colangelo and
Bertrand Dutoit, the impact of the NZPV of a HTS-CC was evaluated for a resistive SFCL integrated in a
AC MV power grid [200]. The parameters of the tape considered are shown in Table 2-1 and the NZPV
was numerically varied from 20 cm/s up to 400 cm/s. This set of simulations demonstrate that only
with an NZPV greater than 300 cm/s, it would be possible to achieve a satisfying local thermal stability
in a relatively short CC of 8 m.

Table 2-1: Experimental parameters of the 2G HTS tape used by [200] in the study of the NZPV impact of a resistive SFCL.

Parameters Value Physical properties reference
Thickness of the silver stabilizer 4.8 um 4-5 W/cm-K, 1.7 J/cm?3-K
Thickness of the Hastelloy® substrate 105 um 70 mW/cm-K, 1.4 J/cm3-K
Thickness of the HTS material 1um

Width of the HTS-CC 12 mm -

Length of the HTS-CC 8m -

Average critical current (I, @ 77 K) 365 A -

Standard deviation of I, 10%

However, increasing the NZPV beyond 300 cm/s in a hastelloy-substrate HTS tape is basically
impossible if one would simply try to decrease the compound heat capacity c¢,. As an example,
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applying the same parameters of the simulated tape from Table 2-1 to equation (2.11) with T, = 90 K,
the normal zone propagation velocity is estimated to be 22.24 cm/s. This value agrees with the initial
20 cm/s considered as lower limit in the simulations performed for Table 2-1.

365 A \/(16.73 [W/m-K]) x (1815 [nQ-m]) _ ., em/s

vnz v = - -
P 12-107% x 110-107¢ [m?] | (1,77 106 [j/m?-K]) [, ¢, (T)dT

Even if some significant thermal stability was sacrificed by reducing the silver stabilizer to 1 um and
the Hastelloy substrate from 100 to 50 um, the NZPV would only increase to 66.82 cm/s, far below
the safe 300 cm/s range at 365 A. The heat capacity of the Hastelloy substrate dominates the structure
of the HTS conductor [201] and suppress the NZPV to values below 100 cm/s thus making the hot-spot
a critical issue.

2.4 Boosting the NZPV

When focusing solely on the interpretation of the NZPV via equation (2.11) it seems that thermal
stability and high NZPV are two requirements that always compete. The NZPV seems to be rigidly
constrained by the thermal properties of the materials used in the fabrication of the 2G HTS layers,
thus making a CC with high-c,, the only viable way to suppress a hot-spot. However, as this section will
show, equation (2.11) is an incomplete description of the NZPV process that does not account for the
interfacial and geometrical properties of the stabilizer and substrate layers surrounding the HTS
material. Tuning these properties is the key to significantly boost the NZPV of a 2G HTS coated
conductor (CC) without having to alter the thermal capacity or the final resistivity of the tape. This
approach was the major objective of the studies conducted in this thesis.

2.4.1 The Current Transfer Length (CTL)

The electrical path between the REBCO layer and the stabilizer metal coating, e.g. REBCO-silver, is not
perfect. The existence of an interfacial resistance between the layers creates an imperfect parallel
path for a current being injected (or ejected) into the HTS. As shown in Figure 2.14, a current in the
silver metal ( I44) decays exponentially with the distance from the point x = 0 of injection in the form:

Lng = Iyexp(—x/2) (2.12)

Where I is the injected current and A is the characteristic Current Transfer Length (CTL). The CTL
can be experimentally defined as the resistance ratio:

R

A=
Ryqg

(2.13)

50



The FASTGRID Project

0123.

.y dva
Iy A // v / L

4—» X

r

pd L .~ current lead

x=()

Figure 2.14: Schematic drawing of the Current transfer Length (CTL) of a 2G HTS CC leads transporting current with two
current attached.

Where R; is the transfer resistance per unit length (2 x m?/m) and Ryq4 is the metal stabilizer
resistance per unit length (£2/m). The resistance R; is simply described by the interfacial resistance
and the contact area per unit length (R; = p./Ac_ientn)- As one can see, the interfacial resistance
represents a direct increase in the CTL by creating an ohmic interface in the path of the current
traveling from the HTS to the metallic stabilizer/shunt. As a result, a transfer voltage V,; also develops
along the conductor. The voltage between x = 0 and another point along the x-axis x, (x = r) will
be:

Xy
VCt = f IAg (X) RAg dx (214)
0

Hence, the voltage also decays exponentially along the conductor away from the current contacts:
Vee = IgRygexp(=x/2) (2.15)

In the experimental literature, estimating the CTL helps determining a safe distance to install voltage
probes [72]. A sufficient distance is needed from the current contacts to avoid spurious voltage V.,
from interfering with the measurements. In addition, the CTL helps explain the unusual asymmetry in
voltage/temperature distribution between the top and bottom metallic layers in CCs during the
propagation of a normal zone [202]. The presence of an oxide buffer layer increases the interfacial
resistance of the HTS with the metallic substrate and consequently produce a larger CTL in comparison
with the top metallic stabilizer layer that maintains direct contact with the HTS and has a smaller CTL.
This difference in the CTL provokes a voltage potential between the stabilizer and the substrate during
qguench [203].

Furthermore, the CTL explains the existence of a significant electric field outside of the thermally
active normal zone: when a hot-spot creates the normal zone in the HTS, the transport current does
not follow a perfect parallel path to the stabilizer, the current is shared across the CTL to reach the
stabilizer and the substrate [203]. If the interfacial resistance is high enough, the CTL will create a
voltage well beyond the normal zone adding to the normal zone expansion. In other words, the NZP
velocity (NZPV) is not strictly defined by the intrinsic thermal/electrical properties of the substrate and
the stabilizer, but it is also influenced by the CTL. In a numerical simulation study performed by George
A. Levin and Paul N. Barnes [204], it was concluded that the NZPV could be significantly improved
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beyond 100 cm/s if the interfacial resistance increased by at least two orders of magnitude in
comparison to the commercial values 50 nQ-cm? [205].

2.4.2 The Operational Limits of the Interfacial Resistance

In practice, increasing the interfacial resistance stabilizer-REBCO to create a bigger CTL is not a viable
solution to boost the NZPV in the CC due to practical constrains revolving the use of current contacts.
As an example, supposedly we wanted to determine the size of the current connections needed to
test an HTS conductor immersed in liquid nitrogen. The critical current is assumed to be about 500 A
and the total surface area of the contact and bus bar cooled in liquid nitrogen to be 10 cm?. Stipulating
a maximum 5% decrease in the critical current due to Joule heating, this corresponds to a 0.5K
temperature increase for YBCO at 77 K in self-field. This temperature increase of 0.5 K places a limit
on the power generation, which is given by the solid/liquid heat-transfer rate for liquid nitrogen
explained in section 2.2.4.

g =[5x 10% = (0.5 K)?] [(%) (K_Z'S)] * (107*m?) = 88 mwW

Utilizing Ohm’s law and 500 A current, the contact resistance is limited to about:
R, < qI™% = (88mW) % (500 A)~2 = 352 nf2

Assuming, a uniform interface silver/HTS dominating the contact resistivity, we can take p, =
10> 0-cm? and calculate A, using R,:
-5 2
pe. (107> 02-cm?)
A, >—=—"————"=12841cm?
© TR, 352 nf)

Finally, considering the 1.2 cm standard tape width, we would need at least 23 cm of tape just for the
current contacts to prevent critical heating in the current connections. This example clearly illustrates
how the current contact areas start becoming impractical as the operational current increases beyond
500 A for an interfacial resistance in the order of 107> 2-cm?. The contact area increases with the
square of the current and for this very reason, the state of art REBCO conductors are manufactured
with an interfacial resistance in the 1078 - 10~7 2-cm? range as mentioned before [205].

2.4.3 The Current Flow Diverter

A deliberate increase of the interfacial resistance is not a viable way to improve the NZPV in 2G HTS
conductors for practical applications. In this scenario, FASTGRID partners from Ecole Polytechnique
Montréal (EPM) have proposed a simple alteration of the 2G HTS architecture in order to substantially
increase the CTL while maintaining an overall low interfacial resistance. Instead of using a tape with
uniform interfacial resistance (Figure 2.15 (a)), the tape should only have a section of the width
presenting a high resistance interface (Figure 2.15 (b)) to create the so-called “Current Flow Diverter”
(CFD) behavior [206].

52



The FASTGRID Project

Uniform Curren Flow Diverter buffer CFD
low interfacial resistance (CFD) (b-CFD)

Current
trajectory

trajectory

Il Hastelloy Substrate [ ] Joule heating concentration
Bl REBCO film Il High interfacial resistance layer [ Buffer layer
B Normal zone [7] Low interfacial resistance layer [ ] Silver stabilizer

Figure 2.15: Schematic drawing (cross-section and isometric) showing the current transfer path from the HTS layer to the
stabilizer in the presence of a normal zone for three tape architectures: (a) Uniform tape, (b) a CFD tape and (c) a b-CFD tape.
For simplification purposes only, the top silver stabilizer is shown for the Uniform and CFD cases in the isometric view.

In the presence of a normal zone, the CFD interface forces a large portion of the current flowing in the
HTS to pass through the narrow silver edges with low interfacial resistance to reach the stabilizer layer
(Figure 2.15(b)). Consequently, this path artificially increases the CTL making the joule heating spread
over a longer path along the CC’s length away from the initial hot-spot zone, thus accelerating the
NZPV. At the same time, the area corresponding to the silver edges in combination with the CFD area,
maintain a reasonable low interfacial resistance for the current contacts. Considering a CFD tape with
an intrinsic low interfacial resistance p; and a CFD high interfacial resistance of py, if ps > p; , the
global interfacial resistance p; of a CFD tape can be approximated as [206]:

PREa—-p

Where p; ranges from 50 to 100 nQ-cm? and f represents the fraction of the width covered by the
CFD layer. Even if the low interfacial resistance was in the upper limit p; = 100 nQ-cm?, and 90% of
the width were to be covered by a highly resistive CFD, the global resistance would still be at an
acceptable level of 1 uf2-cm?. Nevertheless, the NZPV enhancement is still proportional to the high
interfacial resistance py (Q-cm?) and to the CC’s width fraction covered with the CFD. As an example,
Figure 2.16 shows the dependence of the NZPV on p for a simulated HTS CC with p; = 100 nQ-cm?
and 90% of the surface covered with the CFD (f = 0.9). In order to attain an NZPV increase of at least
one order of magnitude, the CFD interfacial resistance py must be three orders of magnitude greater

(2.16)

(10~* 2-cm?) than the low resistance edges (10~7 2-cm?) for an applied current of 250 A.

53



The FASTGRID Project

1000 b T T T T T T T

100

NZPV (cm/s)

10 hl 1 1 1 1 1 1 1
10 107 10f  10° 10 10% 102 107 100

P (Quem?)

Figure 2.16: The NZPV as function of the interfacial resistance of the CFD (py) for the CFD region covering 90% of the
superconductor—stabilizer interface (f = 0.9) with an applied current of 250 A. Figure adapted from [206]

This CFD concept was initially studied via 3D finite element simulations in COMSOL Multiphysics [206]
and it revealed a 2x increase in the NZPV magnitude in comparison with tapes with low uniform
interfacial resistance. The effect was confirmed experimentally [207] utilizing 4-mm-wide SuperPower
tapes and a patent for this concept was launched [208] expecting industrial applications. Even though
promising, the original experimental approach for creating the CFD interface is not compatible with
the large-scale production of HTS CC tapes [207]. As shown in Figure 2.17, the approach starts with a
commercial silver coated tape as template and consists of a partial etching process (section 3.1.3) of
the silver layer in the middle of the width leaving both edges intact. The REBCO layer is exposed briefly
to atmospheric degradation due to the air humidity and creates a highly resistive thin (~ 100 nm)
oxide layer [209]. The tape is subsequently re-puttered with silver to complete the stabilizer/shunt
material required for current contacts and thermal stability. This method is simple and efficient for
creating small samples (10-15 cm) to be tested experimentally in the lab, but re-sputtering the silver
layer coming from the factory for meters of CC would undoubtedly increase the price of such CFD-CC
beyond the reasonable cost/benefit levels. The main challenge for the acceptance of the CFD in the
industry now is to find an attractive low-cost manufacturing technique able to bypass the need to re-
sputter silver and to easily incorporate it into the existing steps of the CC fabrication.

Bl ReBa,Cu,0, I Hastelloy [ High Interfacial resistance
Oxygenated HTS 1 ™mgo Silver (Ag) I Low interfacial resistance
with Silver
ReBa,Cu;0; 1. Agetch 2. Ag sputter

— B

Figure 2.17: Experimental procedure utilized by EPM to locally increase the interfacial resistance of a commercial CC in order
to create the CFD architecture. Silver etching is performed with a hydrogen peroxide solution and the silver coating via

magnetron sputtering.
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Another way to significantly increase the NZPV of a CC without having to manipulate the interfacial
resistance silver-REBCO is to use the pre-existing buffer layer of the tape to create the CFD effect, thus
the name b-CFD in Figure 2.15(c) [210]. In this approach, the thickness ratio between the top and the
bottom shunt/stabilizer layer is adjusted so that, in the presence of a normal zone, the majority of the
current is forced to flow in the bottom shunt layer. Since the buffer layer is usually a natural electric
insulator, the current is diverted around the buffer to reach the bottom stabilizer thus creating a
similar effect to that of the classic CFD. This b-CFD effect is present in all HTS tapes where the a top
and bottom metallic shunt layer are well connected along the edges of tape and the thickness shunt
ratior = hyop/hpor < 1. Besides not having to deal with the tuning of the interfacial resistance silver-
REBCO, a second major advantage of the b-CFD architecture is that it allows the increase of the NZPV
even in the presence of a thick shunt/stabilizer (20-40 um), which is not the case for the classical CFD
architecture [211]. This feature becomes extremely attractive for applications requiring a thick
stabilizer such as HTS superconducting magnets [212].

The b-CFD concept is theoretically simpler than the CFD and its effectiveness has been proven
experimentally [210]. The task now is to find a way to re-create the b-CFD conditions in an industrial
process over hundreds of meters of HTS CC. In principle, such fabrication technique should incorporate
a low-cost metal plating process (Cu or Ni) capable of ensuring the electrical connection between the
top and the bottom stabilizer layers along the full length of the conductor. But more importantly, one
must find a way to keep a continuous thin silver thickness (~20-100 nm) in the top stabilizer layer of
the final CC. This detail is the main challenge for the b-CFD since silver layers (< 100 nm) are known to
aggregate and form discontinuous silver islands (i.e. dewetting) during heat treatments [213], like the
final oxygen annealing process required for lowering the interfacial resistance Ag/REBCO and loading
oxygen into the Re;Ba;Cus05.5 structure (Figure 2.18). In one study of the SUNAM group it has been
shown that a 20 nm thick silver layer on top of YBCO forms spherical islands and becomes electrically
discontinuous when annealed at temperatures as low as 300 °C [72,99].

Figure 2.18: Dewetting process of a 20 nm thick silver layer on top of YBCO after being annealed in oxygen for 2 hours at
400 °C. (a) Silver coating before the annealing. (b) Silver coating after the annealing. Figures adapted from [99].
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3 Simulation and Experimental Technigues

As explained in the previous chapter, implementing the CFD concept in an economically viable way
for CC manufacturers was the main goal of this study. Accordingly, this chapter is dedicated to explain
all the main experimental methods applied for creating the different CFD routes as well as the basic
characterization techniques used to evaluate the presence and efficiency of the desired CFD behavior.
Additionally, the end of the chapter presents the COMSOL Multiphysics simulation template used to
study the constrains of the CFD behavior in THEVA tapes.

3.1 Preparation of CC Samples

3.1.1 Spin Coating Deposition

Spin coating is a common technique used to uniformly deposit a thin layer of material on a flat
substrate. The technique starts by positioning the substrate onto a flat support inside a spinner device.
A small amount of precursor solution of the chosen material is then deposited on the middle of the
stationary substrate. Subsequently, the substrate is rotated inside a spinner at high speeds (up to
10000 rpm) creating a centrifugal force that spreads the material uniformly across the surface. The
solvent in the precursor solution is usually volatile and naturally evaporates during the spinning
session. However, the final step to achieve the desired structure usually involves a post thermal
treatment to solidify the final material. All of these steps are illustrated in Figure 3.1.

substrate .
solution

= =

spinner
support

(a) (b) (c)

Figure 3.1: Step-by-step schematic of the spin-coating procedure. (a) Deposition of the liquid solution onto a substrate
attached to the spinner support. (b) Rotation of the support to spread the solution across the whole substrate area. (c)
Substrate coated with the solution ready for the thermal treatment to evaporate the solvent and solidify the coating.

The universal description of the thickness of a spin coated film involving these parameters was
proposed by Danglad-Flores et al. [214]. Angular speed, acceleration, solution’s viscosity and
concentration, all of these parameters affect the final thickness. However, in this work, the majority
of solutions at disposal had already been pre-tuned for the desired thicknesses in the SMA Spinner
6000 Pro installed at ICMAB.
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Moreover, since the full surface of the sample is covered with the coating material in this method, in
order to create coating patterns on the substrate, the surface must be masked beforehand. Therefore,
the deposition of different materials to create the CFD pattern, was accomplished by masking the
edges of the REBCO CC samples with a polyimide tape before spin coating.

3.1.2 InkJet Printing (IJP) the CFD

Even though practical, spin coating presents one major drawback, the method is not compatible with
the standard reel-to-reel system commonly used by CC manufacturers. Consequently, ink jet printing
(1JP) was envisioned as the final practical method to create the CFD pattern in reel-to-reel production
[64]. This low cost technique uses a multi-nozzle printing head for continuous solution deposition
[215] on a moving surface capable of creating personalized patterns for different applications such as
electronics [62]. Moreover, the method is very versatile; either the surface or the print head can move.

The Drop on Demand (DoD) IJP technology has been successfully employed to promote the Solution
Deposition Planarization (SDP) of substrates with nano-crystalline yttrium oxide films in the past [216].
Therefore, depositions of yttria films on long lengths (> 1 m) of bare CC were performed by FASTGRID
patterns of the company Oxolutia Ltda.

Figure 3.2: Reel-to-reel ink jet deposition system used by Oxolutia Ltda.

A picture of Oxolutia’s reel-to-reel (R2R) IJP system for special oxides is shown in Figure 3.2. The
system is arranged in 6 modules connected in series, each with a specific task.

e Module 1, the Feeding module: Is the feeding reel that delivers tape that is ready for the ink
deposition.

e Module 2, the Printing module: A multi nozzle print head deposits the ink on the moving tape
substrate. This IJP was performed using a piezoelectric 512 nozzle Konica Minolta head on
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which the droplet density of the Y ink was modified near the edges to keep a uniform film
thickness through the whole width of the yttria layer.

e Module 3, Curing module: The ink is cured under UV light with an array of 10 cm by 25 cm of
LEDs with wavelengths between 275-295 nm.

e Module 4, Drying module: The ink is dried in a hot air tube with temperatures below 100 °C.
The use of modules 3 and 4 depend on the type of ink deposited onto the substrate. Some
precursor solutions do not require UV light treatment and so only module 4 is used.

e Module 5, Pyrolysis module: The substrate with the cured ink goes through a tubular furnace
capable of achieving temperatures above 500 °C in order to decompose the organic
compounds of the ink.

e Module 6, Take-up module: Contains the final reel that coils the inkjet coated substrate
coming from the furnace.

Yttria nanolayers were deposited on top of the GdBCO layer of THEVA using propionate Yttrium
solution precursors DoD 1JP. Yttrium acetate (Y(OAc)s) salts were dissolved in a mixture of 26% v/v
propionic acid (CH3CH>CO-H, Aldrich) and 74% v/v of n-butanol in concentrations ranging from 0.01 M
and 2 M. The solution also included diethanolamine (DEA) in a [Y]/[DEA] molar ratio of 4.5. The
objective was to coat about 85 - 90% of the 12 mm width along the surface of the GdBCO films with
Y,0;. This work reports only on some of the optimizations coming from the ICMAB-Oxolutia
partnership based on the morphological characterization of the final IJP-yttria layer and its effects on
the HTS material.

3.1.3 Metal Etching

In many of the CC experiments performed in this work, the silver coating had to be removed to access
the REBCO layer underneath. For this matter, a solution was used to safely etch the metallic silver
without jeopardizing the superconducting properties of the REBCO. The silver etching solution was a
mixture of ammonia and hydrogen peroxide diluted with methanol in the proportion H,0;,: NH,OH :
CHsOH =1 :1: X, where the amount of methanol X varies with the etching rate desired and the
thickness of the silver layer [217].

In this reaction, the H,0, oxidizes and dissolves the silver into ions, while the NH3z combines with the
ions to form Ag (NHs) in accordance with the equation:

2Ag + 4NH; + H,0, —— 2Ag (NHs)," + 20H~

After submerging the CC sample into the solution and observing the complete etching of the silver,
the exposed HTS surface is rinsed with pure methanol to prevent further etching.

3.1.4 Oxygenation and Annealing

As commented before, in this thesis, all CFD samples were created using THEVA’s CC structure
(GdBCO/MgO/Hastelloy) as template and so, to assure compatibility of the different theorized CFD
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architectures with the standard manufacturing steps, the oxygen annealing steps utilized by THEVA
had to be recreated at ICMAB’s laboratory environment. The 30-meter-long furnace located at
THEVA's facility has 7 isothermal regions (Figure 3.3 lower x-axis scale).
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Figure 3.3: Temperature profile used for oxygen annealing the GdBCO film in THEVA’s CC, also referred to as THEVA’s
temperature profile. This profile emulates the temperature gradient experience by tape moving in the 30 meters reel-to-reel
furnace of THEVA.

Considering the tape traveling in a reel-to-reel process at a speed of 40 m/h inside the furnace from
the hottest to the coolest end, the average exposure time at each isotherm was calculated by simply
diving the length of the isotherm by the tape’s travelling speed. Using this average dwell time, the
equivalent temperature profile in a static furnace was created as shown in Figure 3.3 (upper x-axis
scale).

3.1.5 Plasma Treatments

Plasma treatments are techniques commonly used for surface modification in order to achieve better
acceptance of secondary manufacturing applications. The plasma is formed by using an electric
potential at high frequencies (MHz) to charge a gas with moving electrons and ions in both the
negative and positive state. When a particular surface is exposed to this partially ionized gas, the
plasma treatment is initiated until the electric potential is ceased. The type of surface treatment
always depends on the surface material and the type of gas used, but in general the gas types can be
classified as [218]:

Inert gas plasma: Argon is the most common because of its low cost, but helium, neon, and argon
are also used in plasma technology;

Oxygen plasma: Oxygen and oxygen-containing plasmas are most common for modifying surfaces
and removing organic compounds. Especially in the case of polymers;
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e Nitrogen plasma: Nitrogen-containing plasmas are widely used to improve wettability, printability
and biocompatibility of polymer surfaces;

e Fluorine plasma: When a plasma gas contains fluorine gas, surface reactions, etching, and plasma
polymerization may take place simultaneously;

e Hydrogen plasma: Hydrogen-containing plasmas are commonly used to promote chemical
processes like reduction of metal oxides and other inorganic contaminants like sulfur and chlorine.

Another classification resides in the method for creating the plasma; it can be either low-pressure or
atmospheric. Low-pressure plasma is also referred to as “cold plasma” and is the most common
technique, usually performed in a chamber or enclosure where the air is evacuated prior to letting the
gas in (Figure 3.4(a)). In atmospheric plasma, a plasma jet is ignited with an electric arc between two
electrodes and a vortex of gas flowing between the electrodes. The compressed gas is ionized as it
passes close to the arc and creates a plasma flame of highly reactive gas species that react with the
top atomic layers of the target surface [219] (Figure 3.4(b)).
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Figure 3.4: Schematic drawings of the two standard types of forming plasma for surface treatments. (a) Low-pressure plasma
in a chamber; (b) Atmospheric pressure plasma jet.
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In this thesis, both techniques were used with hydrogen gas to treat the silver coating on CC samples
to achieve a special CFD design that is discussed in chapter 6. The low-pressure treatments were
conducted in a commercial system (Femto Plasma-Surface-Technology) at the Universitat Politécnica
de Catalunya (UPC), and the atmospheric plasma treatments were performed in the laboratories of
Relyon Plasma GmbH for silver recovery tests with the atmospheric plasmabrush® PB3 system
[220,221] (Figure 3.4(b)).
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3.2 Structural Characterization Technigues

3.2.1 X-ray Diffraction (XRD)

The XRD technique is a practical method to characterize and identify the structure of crystalline
materials. Given the periodicity of the crystal lattice, Bragg’s formulation assumes that a crystal
structure could be decomposed into a well-defined arrangement of planes separated by a constant d
spacing. Since the wavelength A of an X-ray radiation is similar to the atomic distances in a crystal, the
distance d between the planes can be inferred by analyzing the diffraction pattern originated from
the elastic scattering of an incident X-ray radiation. According to Bragg’s Law, the incident angles @ at
which the diffraction presents a constructive interference is given by:

nl = 2d sin(@)

Where n is a positive integer. The classic Bragg-Brentano experimental setup used for XRD is
illustrated in Figure 3.5. An X-ray source shoots the sample at an incident angle 8 and the diffracted
radiation is picked up by a detector positioned at the same angle 8. Both source and detector rotate
simultaneously to scan the diffraction intensity for each angle. The diffraction “powder pattern”,
intensity as a function of 26 , is then plotted and analysed following the constructive interference
restriction given by Bragg’s Law.

Figure 3.5: Bragg-Brentano configuration for XRD measurements.

In the case of well-prepared powder samples without partially oriented grains, i.e preferred
orientation [222], the crystal domains are randomly orientated and the majority of the overserved 20
peaks will follow Bragg’s Law for any incident angle. In other words, diffraction peaks will happen in
all the planes of the crystal described by the Miller indices (h k I). However, if the material is not in the
powder form, texture effects can enhance or reduce the peaks intensity to the point of suppressing it
completely. For instance, in epitaxial films like YBCO and GdBCO with the c-axis perpendicular to the
substrate, diffraction peaks will only happen for the planes perpendicular to the substrate (001).

In this thesis, a General Detector Diffraction System (GADDS) with a Hi-Star Bruker-AXS detector was
used with Cu-Ka radiation to characterize the REBCO films and other crystalline coatings. This system
provides the rotation of the sample in three different directions 8, y and ¢ (Figure 3.6) allowing a
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broader analysis of oriented films. Moreover, the bidirectional detector of this machine allows the
creation of a 2D diffraction pattern as shown in Figure 3.7. The 2D pattern data is treated with the
GADDS software to create the classic “powder pattern” shown in Figure 3.7.

Figure 3.6: Degrees of freedom for Bruker diffractometer sample holder.
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Figure 3.7: Diffraction pattern taken with GADDS for a GdBCO film grown on top of MgO and Hastelloy. (a) 6 — 260 2D
Diffraction pattern. (b) 20 peak intensity powder pattern.

3.2.2 Electron Microscopy —SEM and TEM

The resolution of any microscopy technique is limited by the wavelength of the type of beam used on
the sample under study [223]. For instance, in optical instruments it is not possible to distinguish two
objects separated by a lateral distance less than approximately half the wavelength of the light beam
(400 - 750 nm for visible light) used to focus the image of the specimen under study. This physical
restriction is also widely known as the diffraction barrier and it is well described by Abbes Resolution
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theory [224]. In addition, different information can be extracted depending on how the light coming
from the specimen is detected; If light is reflected (reflection mode) or transmitted (transmission
mode). Electron microscopy follows the same principle using a beam of electrons coming from an
electron-gun (e-gun) in vacuum environment. Due to the small wavelength (10° to 102 m) of a
charged moving electron (Broglie wavelength [225]) the electron-matter interaction happens in the
atomic scale providing a higher magnification and resolution.

Depending on the acceleration voltage (V) of the beam, analog to a photon, the electron can be
scattered (reflected) or transmitted through the sample. However, the electron-matter interaction
goes beyond just the transmission/reflection phenomena of a photon. All interactions with the
electron beam are summarized in Figure 3.8.

Electron beam

Secondary Electrons (SE)

AUger Electrons (AE) Topographical information (SEM)
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Transmitted Electrons
Morphological information (TEM)

Figure 3.8: Schematic drawing of the Electron—matter interactions and the different types of generated signals.

Scanning Electron Microscopy (SEM), works with V,~1-30 kV. At this level, the electrons do not
acquire momentum for crossing the sample and so part is reflected by elastic atomic collisions creating
the Back Scattered Electrons (BSE). Another part is absorbed by the sample in inelastic collisions
exciting the atoms, leading to an emission of Secondary Electrons (SE), Auger electrons (Auger e’) and
X-rays.

The standard SEM use a specific set of coils to scan the beam in a raster-like pattern and collect the
scattered electrons in two detection systems: one for the SE and another for the BSE. The SE originates
from surface regions due to the low energy of the inelastic interactions of the beam with the sample’s
atoms. They provide only topological information while the beam is scanning a defined area. The
contrast in SE images represent different heights between different regions on the sample. On the
other hand, the BSE comes from deeper regions within sample as a result of higher energy in the
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elastic collisions. These reveal differences in the atomic number and are used to simply identify (not
define) regions with different phases and compositions on the sample. In the BSE images, the brighter
the material appears, the higher is the atomic number, thus higher density. Overall, SEM provides
information on the surface of a sample with magnifications up to ~1-2 million times and a spatial
resolution limited to ~0.5 nm.

The SEM can also come with an Energy-Dispersive X-ray spectroscopy (EDX or EDS) detector to use the
X-ray signals for both qualitative and quantitative analysis. This detector enables the identification of
the type of elements that are present as well as the percentage of each element’s concentration within
a region of choice on the sample. In an EDX spectrum, the energy position of the peaks (keV) defines
the element, whereas the intensity of the signal corresponds to the concentration of the element. In
this thesis, a SEM device from Quanta FEG-200 located at ICMAB was used for evaluating the
morphology of different materials deposited on fully-grown HTS REBCO films.

Transmission Electron Microscopy works with higher V; ~60-300 kV to transmit the electrons through
the specimen. The portion of electrons that cross the sample can be classified as elastic scattered
electrons, or inelastic scattered electrons. The elastic electrons are used in TEM and High-Resolution
TEM (HRTEM) to extract the structural composition of samples. The inelastic electrons are used in
techniques such as Electron Energy Loss Spectroscopy (EELS) or Energy Filtered Transmission Electron
Microscopy (EFTEM) for compositional information. The information appears as 2D projections on a
fluorescent screen or via a charge-coupled device (CCD) camera onto a PC screen. It provides
information of the crystal structure of the sample with magnification >50 million times and a
resolution < 50 pm.

The TEM measurements presented in this thesis were performed in partnership with members of EPM
ina TEM model JEOL 2100F equipped with an Oxford EDS detector using AZtec software from Oxford
Instruments.

3.2.3 Focus lon-Beam (FIB)

Focus lon-Beam is another microscopy technique used to characterize samples down to the nm scale.
The working principle is very similar to a SEM system described in the previous subsection. However,
instead of using a focused beam of electrons to scan and image the sample, the FIB uses a focused
beam of ions, usually gallium ions (Ga+). The ion-beam can be used at low or high currents depending
on the objective of the measurement.

At lower beam currents, the FIB operates in two imaging modes: the secondary electrons and the
secondary ions, both produced by the primary ion beam. The secondary electron images show intense
grain orientation contrast, thus allowing morphology characterizations like in an SEM. In addition, the
secondary ion imaging also reveals chemical differences. At higher beam currents, the high-energy
gallium ions in collision with the sample, sputter atoms from the surface. Owing to this feature FIB
systems are designed to etch and machine surfaces, especially for the manufacturing and study of
semiconductors. Moreover, the ion-beam can precisely mill trenches (slits) through multilayer films,
allowing a direct analysis of interfaces. In this thesis the FIB cross section images were acquired with
a dual beam (SEM-FIB) Zeiss 1560 XB apparatus.
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3.2.4 Atomic Force Microscopy (AFM)

The AFM is a technique capable of characterizing the topography of a sample’s surface in the nm scale.
The method relies on the atomic force interactions happening between the surface of a material and
a nanoprobe sharp tip. Depending on the material and probing method, the atomic forces may come
from different sources such as Van der Waals forces, mechanical contact, capillary force and others.

The four basic components of an AFM are shown in Figure 3.9, it consists of: a cantilever, composed
of a sharp silicone tip attached to a flexible support acting like a spring; a four-quadrant position
sensitive photodiode detector; a laser diode; and a piezoelectric plate scanner. The laser diode
continuously shines light on the backside of the cantilever and the reflected light is picked-up by the
photodiode detector. As the tip reaches the surface of the sample, the atomic force interaction
deflects the whole cantilever, thus leading to a shift on the reflected light beam picked-up by the four-
guadrant photodiode detector. The light’s position shift allows the quantification of the cantilever’s
deflection, torsion force, normal force and friction between the tip and the surface. A 2D map of these
forces is obtained by moving the sample in a scanning motion using a piezoelectric plate as holder.
These maps are later processed in a dedicated software to translate the info to a topography study of
the scanned area.

Laser Diode
Position-sensitive

Photodetector

Cantilever Spring

Figure 3.9: Drawing of the basic components of an Atomic Force Microscope: cantilever; a four quadrant position sensitive
photodiode detector; a laser diode; and a piezoelectric plate scanner holding the sample.

The scanning tip of the AFM can operate in three different modes: Contact Mode, Non-Contact Mode
and Tapping Mode. In this thesis, only Contact mode was used. In this mode, the tip practically touches
the surface and scans a predetermined area with a control feedback for the normal force. Meaning,
during the scan, whether the tip encounters a bump or valley, the feedback system will move the
cantilever vertically in order to maintain a constant normal force.

Another additional feature of the AFM method used in this thesis is the conductive AFM (c-AFM). In
this technique, the silicone tip is varnished with a thin metallic conductive film (Pt, Au, Ru, Ti and Cr,
among others), the cantilever is charged with a constant voltage (bias-voltage) and the sample is
grounded onto the sample holder. In Contact Mode, the electric current flows at the contact point of
the tip with the surface of the sample simultaneously with the topography scan. All the AFM
measurements presented here were performed at ICMAB with an Agilent 5100 AFM system and AFM
images were processed with Mountains Map software from Digital Surf.
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3.3 Characterization of the Superconducting Properties

3.3.1 Scanning Hall Probe Measurements (SHPM)

The scanning hall probe microscopy (SHPM), or Hall-scan, was by far the most reliable technique used
throughout the experimental work of this thesis. In this method, the superconducting properties are
evaluated by analyzing the state of magnetization M on the HTS conductor after field-cooling the CC
to 77 K. A scanning probe containing a small Hall sensor at the tip measures the perpendicular trapped
magnetic field B, across the surface (x, y) of a HTS sample [226]. Later on, the mapped B,(x, y) data,
besides providing an overall view of the HTS condition, can be used to calculate the magnetization M
and estimate the critical current density distribution J.(x,y). ICMAB’s homemade Hall-scan
experimental setup is detailed in [227].

In this procedure, the tape sample is first positioned on a 200x60x2 mm flat Aluminum slab with GE
cryogenic varnish on the backside to hold the tape flat onto the Al surface. Afterwards, the sample is
covered with a 16 um thick Al-foil to avoid scratches coming from the moving Hall-probe during the
scan. The Al-slab holding the sample is then laid down to rest on the flat bottom of a cryogenic vessel
and an origin point (x = 0,y = 0) is set for the Hall-probe. Once the origin is set, a large flat
rectangular NdFeB magnet is placed on top of the sample covering the whole CC surface and liquid
nitrogen is added to the vessel to start the field cooling process. After the cryogenic thermal
equilibrium is reached, the magnet is vertically removed out of the vessel leaving the tape sample
magnetized inside. Finally, the LabView routine is initiated to move the Hall-probe and acquire the
B,(x,y) data. An example of the data acquired after the Hall scan is shown in Figure 3.11.

LN, enviroment
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Figure 3.10: Schematic drawing of the CC sample being scanned for the perpendicular magnetic field B, .
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Figure 3.11: B, distribution acquired with SHPM for a 50x12 mm GdBCO tape sample from THEVA GmbH at 77 K. (a) Isometric
view of the B, (x,y) distribution; (b) frontal view of B, across the 12 mm width (x-axis); (c) lateral view of B, .

Before applying the mathematical MATLAB routine to calculate the magnetization M and the J.(x,y)
distribution, the initial homogeneity of the REBCO superconductor can be verified by simply analyzing
the variation of the maximum field along the tape’s length (y-axis). As shown in Figure 3.12(a), the
mean field along the length is calculated as an arithmetic average of the plateau region (y from 15 to
54 mm) with an associated standard deviation. The overall continuity of the superconducting state
across CC surface can also be qualitatively evaluated with the top view of the B, (Figure 3.12(b)).

0.05
(a)
0.04' -
0.03'
= 0.02'
" 0.01:
0
0,01
-0.02, 10 20 30 40 50 60 70
y [mm]
B:[T] Mo o4
0.03
0.02
0.01
0
5 s
0 10 20 30 40 50 60 70 [-0.01

y [mm]

Figure 3.12: B, distribution acquired with SHPM for a 50x12 mm GdBCO tape sample from THEVA GmbH at 77 K.
(a) Longitudinal view of the B, (x,y) distribution; (b) Top view of B, across the whole surface of the tape.

From the B,(x,y) data acquired after the scan, the planar distribution of the critical current density

J = (]x(x, .y (x, ), 0) is directly calculated by the expression:
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]=rotM=(a—M _O_M)

3.1
5 x (3.1)

Therefore, the objective is to find M solving the inverse Biot-Savart problem. The Biot-Savart equation
analytically describes the magnetic field distribution in the vicinity of a wire transporting a current:

A4 r3

(3.2)

Where I is the current passing through the wire and r in the spatial position vector for a segment dl
of a wire. Theoretically, finding the inverse solution for this equation cannot be done analytically for
the B,(x,y) map shown in Figure 3.12. However, given the discrete nature of the B,(x,y)
measurements, the inverse Biot-Savart problem is tackled by creating a rectangular discrete grid for
the sample where the magnetization M is assumed to be constant M (i, j) for each Aij square element.
Above this magnetization grid, a second rectangular grid containing the B,(x, y) measurements is also
considered at a fix arbitrary distance z = h from the sample.

Measurement grid (z = h)

Figure 3.13: Schematic drawing of the theoretical magnetization grid M(i,j) and the measurement grid containing the
B,(x,y) data at z = h for estimating the critical current density distribution ] .(x, y).

Utilizing these two grids, according to [228], the Biot-Savart law for each point (x,,, ym, h) in the B,
measurement grid can be described by the expression:

. Mo (32277
B, (X, Ym, h) = ZM(l.])Efr—dele (3.3)
ij

Where 17 = |(Xp, Yim, B) — (x,y,2)| for all the points in the discrete grid. Simplifying the above

equation with the coefficient:

Uo [3z%—1?

G(m,n,i,j) = Ef—ﬁ dvolmj

The term B, (x,,,, ¥m, h) can be rewritten as a linear equation as a function of M(i, j) and G(m,n, i, j):

B, Gl Yo ) = ) M) Gmym, )
ij
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Where G is a 4 dimensional Toeplitz matrix [229] that can be written as:
G(m,n,i,j) = glm—in—j)

Therefore:

B,Gn.m) = Y M(i,))glm —i,n - ) = (M = g)m, )
i

Applying the convolution properties of a Fast Fourier Transformation (FFT) and using the Inverse Fast
Fourier Transformation (IFFT) we have:

FFT(B,) = FFT(M = g) = FFT(M) - FFT(g)
And finally,

FFT(B,)

M = IFFT [FFT(BZ)]

FFT(g)

After calculating the M (x, y) data, the J.(x, y) distribution (Figure 3.14) is easily obtained by applying
equation (3.1) to M. The final I, and J at 77 K is calculated by integrating J.(x, y) over a virtual close
path inside the tape. The I, found using this method is not the exact same one found using the critical
current transport measurements due to magnetic relaxation in the material after the field cooling
procedure [230], but it can be safely estimated with a 15-20% compensation in the final calculated
value. For instance, I.= 432 A according to the integration of J.(x,y) in Figure 3.14, but according to
direct I, measurements, I.~517 A which corresponds to a 20% difference.
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Figure 3.14: ] distribution calculated with the magnetic flux density B, data shown in Figure 3.12.
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3.3.2 In-situ Electrical Conductivity Relaxation (ECR) Measurements

As discussed in section 1.6, the superconducting properties of the RE1Ba,CusO, material is greatly
influenced by the oxygen content y = 7 — § and so, an oxygen annealing is required to properly dope
the material and create practical critical current values. For the standard manufacturing of REBCO
tapes, the oxygenation process is usually performed with a temperature profile like the one shown in
subsection 3.1.4. However, for one of the diferent manufacturing CFD routes of this thesis, the
conditions for oxygenation had to be re-evaluated in the presence of the CFD architecture in order to
complete the final CC. For this matter, the oxygen exchange mechanism between the REBCO and the
atmosphere was evaluated via Electrical Conductivity Relaxation (ECR) measurements.

In this method, the evolution of the sample’s resistance (or conductance) is continuously recorded
in-situ over time during the oxygenation process. Considering the oxygen in- and out-diffusion
following Fick’s 2™ law in equation (1.13), and not too large changes in oxygen partial pressure (PO,),
the proportionality between oxygen concentration and resistivity can be described by the normalized
equation (3.4):

p(t) = Poo -
— X e \7
Po ~ P

(3.4)

Where p(t) is the resistivity in time, p, is the initial resistivity, po is the final resistivity for t — oo and
T is the relaxation time. This equation implies that the resistance is directly linked to the oxygen
concentration of the film and it increases and decreases exponentially with a rate described by 7. The
bigger 7 the slower is the oxygen incorporation process and vice versa.

If the oxygen transfer is dominated by the bulk diffusion in the REBCO, 7 represents the diffusion along
the ab-planes D,; and t = t,;,. However, it is possible that bulk diffusion is not the only mechanism
in the overall oxygen loading process and so, one single linear fit is not enough to describe the p(t)
curve. This scenario is predicted by considering two exponential terms as shown in equation (3.5).

p(t)—_poooc e_(%) + e_(%> (3.5)
Po ~ P

Samples tested in the ECR set-up were prepared by cutting 12x12 mm specimens from a reel of
“naked” (no silver stabilizer) commercial 2G HTS tape. Figure 3.15 shows an example of a 12x12 mm
tape specimen GdBCO/MgO/Hastelloy mounted onto the sample holder with four silver wires
electrically contacting the four corners of the surface of the HTS material (3 um thick GdBCO in this
case). The wires are bonded to the surface using a high temperature silver ink (Laque Argent L-200N
from CDS Electronique) and the edges of the specimen were milled with sand paper Struer grit 1000
to avoid short-circuits with the metallic Hastelloy substrate. After bonding the wires, the sample is
inserted and sealed hermetically inside a tubular furnace where resistance is recorded whilst
temperature and the PO, are controlled with a LabView routine.

70



Simulation and Experimental Techniques

Figure 3.15: Picture of a 12x12 mm piece of GdBCO/MgO/Hastelloy tape sample mounted onto the in-situ ERC measurement
system with four silver wires (0.1 mm diameter) bonded to the surface of the GdBCO layer.

Based on the assumptions used for the formulation of equation (3.4), ideally, the sample’s resistivity
(Q-cm) should be measured. This could be achieved by using the Van der Pauw [72,231] configuration,
but due to logistic and technical difficulties in the ICMAB ERC system this feature was not
implemented. Instead, a direct proportionality between resistance (Q) and resistivity (Q-cm) is
assumed in the film.

A typical temperature profile used to study the kinetics of oxygen diffusion is shown by the red line in
Figure 3.16. The measurement starts at 500 °C and cools in steps of 50 °C. A rate of 10 °C/min is used
for the initial heating ramp and 5 °C/min for the subsequent cooling steps. At every temperature dwell,
the oxygen partial pressure alters from 1 bar to 5 mbar and reverse to observe the in- and out diffusion
process respectively. The change in atmosphere is indicated by the colored rectangles in the
background. Red and blue represent low (5 mbar) and high (1 bar) oxygen partial pressures
respectively. The resistance evolution of the sample in time is depicted by the black curve in Figure
3.16. For temperatures above 400 °C in a 1 bar oxygen atmosphere, the equilibrium resistance can be
achieved in less than 1 hour. However, for temperatures below 400 °C, even after long annealing
times, the equilibrium resistance cannot be reached in a reasonable period.
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Figure 3.16: Time evolution of the resistance of 12x12 mm GdBCO tape sample from THEVA without silver coating. The
temperature decrease following steps of 50 °C starting at 500 °C (500 °C, 450 °C, 400 °C and 350 °C). The resistance curve for
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temperature dwells at 475 °C, 425 °C and 375 °C was also taken, but it is not shown here. Oxygen kinetics present a much
faster response to changes in pressure at temperatures above 400 °C.

For every section of an atmosphere change at constant temperature, the resistance segment is
analyzed individually. The curve segment is fitted to the solution of the diffusion equation described
previously using two exponentials as:

R(t) = Ro, + [aet/* + (a — 1)et’*2] x (Ry — Ro,) (3.6)

Where R(t) is the resistance in time, R, the initial resistance, R, the final stabilized resistance
corresponding to R(t —» o), 7; and 7, are the relaxation times and a is a weight factor. In many
cases, the oxygen out-diffusion is not well described by a single process and using a two 7 constants
model results in higher fit accuracy and accurate saturation values for R(t). A single saturation time
is sufficient only if the difference of the two saturation times, 7, and t,, is smaller than the fitting
error or if the weight factor a approaches unity (a = 1).

The saturation time dependence on the temperature, extracted from Figure 3.16 using equation (3.6),
is shown as an example in Figure 3.17. As expected for a thermally activated process, the time to
stabilize the resistance value increases exponentially with decreasing temperature, in both in- and out
processes. As shown in Figure 3.17(a), in the range of 350 - 500 °C for oxygen incorporation, one single
saturation time linked to a single process is only valid for 500 °C, whereas for oxygen excorporation
(out-diffusion Figure 3.17) a double process is required for the entire temperature range. As
temperature decreases, there is a shift from one fast exchange mechanism (7,) to a second slower
parallel mechanism (z;). In order to facilitate the analysis of the overall time for oxygen loading
between different samples, a weighted arithmetic mean value called effective saturation time 7,z is

introduced:
Tesf=a Ty +(1—a) 1, (3.7)
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Figure 3.17: Analysis of the relaxation times t; , T, and T.¢y for a GdBCO/MgO (ISD)/Hastelloy tape sample (Figure 3.16)
without silver: (a) Temperature dependence of T for in-diffusion using 2 exponential constants; (b) Temperature dependence
of t for out-diffusion using 2 T model and comparing to the T,z of in-diffusion.

Considering a pure bulk diffusion process (section 1.6.2), the relaxation times as a function of
temperature for the in- and out diffusion process should be the same. However, when comparing Té’}f

and rg}*; in Figure 3.17(b), it’s clear that the effective in-diffusion relaxation times are shorter than
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the effective out-diffusion over 1 order of magnitude. This asymmetry has been reported in previous
works from the SUMAN-ICMAB group [80,99] and is a strong indication that surface exchange
reactions play a crucial role in REBCO thin films.

Therefore, considering the overall process controlled by the surface exchange rate kpepm (cm/s), using
the data from Figure 3.17 and equation (1.18), the Arrhenius plot of k.p.;,m versus the reciprocal
temperature 1000/T can be used to extract the activation energies of the in- and out- diffusion using
equations (1.18) and (1.19) as shown Figure 3.18.
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Figure 3.18: Calculation of the activation energies E, from the Arrhenius plot k .p e, versus 1000/T for the in- (a) and out- (b)
diffusion of oxygen in GdBCO/MgO (ISD)/Hastelloy tape sample (Figure 3.16) without silver.

The extracted activation energy in the temperature range of 350 — 500 °C for oxygen incorporation is
1.44 eV for the faster process link to T{” and 1.53 eV for the slowest Té", which is slightly higher than
for the reverse process of oxygen excorporation (out-diffusion), with an activation energy of 1.15 eV
for both of the two parallel mechanisms (9% and 9%, Figure 3.18(b)). These values are slightly
higher than the usual reported activation energies around 1 eV, but again seem to agree with previous

studies from the ICMAB-SUMAN group for YBCO thin films (200-1000 nm) [99].

3.4 Electric Transport Measurements

Transport measurement is a general term used to describe any type of electric test where a current is
transported from end-to-end by physically applying a voltage potential in a HTS sample like the 2G
HTS tape. Depending of the objective of the measurement, the voltage/current profile applied may
change. In this thesis, four types of transport measurements were performed: critical current tests (to
determine I in A), AC/DC limitation tests (to determine Ej;;, in V/m and fault time in ms), Current
Transfer Length (CLT) tests (to determine the presence of the CFD architecture) and the Normal Zone
Propagation Velocity (NZPV) measurements (to determine the NZPV in m/s).
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3.4.1 Critical Current Test

A typical sample holder used for measuring a CC sample in transport current is shown in Figure 3.19.
This basic configuration is also used with minor alterations to perform current limitation tests and
measure the NZPV behavior of the tape.

Figure 3.19: Picture of ICMAB’s sample holder used for critical current measurements and other transport current tests in 2G
HTS tapes. The sample in the picture is a 10 cm piece of commercial THEVA tape with silver stabilizer. The sample was
mounted with only one pair of voltage taps.

The sample’s I, is extracted by applying consecutive square pulses of transport current with a gradual
increase of amplitude (Figure 3.20(a)). For each pulse, the voltage across a certain known fixed
distance L is measured before (M;), during (M,) and after (M3) the current plateaus to calculate
precisely the voltage drop during each current pulse as Viop = (2M; — My — M3)/2. The result is a
non-linear |-V curve where I, is interpolated for the correspondent value of critical voltage V. defined
by the critical electric field E, (Figure 3.20(b)). Conventionally, E. is defined as 1 uV/cm and V. =
L X E.. The amplitude of the current pulses is increased usually beyond V. to provide a good range for
the interpolation of I, but it should stop before surpassing the electric field threshold (E;,,) to avoid
guenching the sample and possible damage.
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Figure 3.20: Experimental procedure for critical current analysis of CC samples. (a) Sequence of current pulses used for
creating the intrinsic I-V curve of the sample. The voltage measurement for each pulse is usually compensated for off-sets
with three measurement M,, M, and M and current amplitude of the pulse can be gradually increased or decreased if
needed. (b) Analysis of the I-V curve for the extraction of 1. using the critical electric field criteria E.
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In the I-V curve, the values of applied current below 70% of I. represent the transport region of the
curve where no voltage is detected due to the zero-resistance state of the superconductor, and the
region corresponding to the voltage rise around I, is the intrinsic region. The transition behavior
between these two regions can be well-described by the Power Law (section 1.3.4) written in the |-V

form:
I n
v =1, (—) (3.8)
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Figure 3.21: Example of a fitting procedure for critical current analysis of CC samples. (a) Fitting of the transport and intrinsic
regions of the I-V curve is done with the Power Law to determine 1, based on E_ criteria (usually 1 uV/cm). (b) Normalized I-V
data using I in Ln scale for the linear fit of the n-value

Using equation (3.8) to fit the I-V data, the exponential n-value term can be determined with a linear
fit of the normalized curve in log scale (Figure 3.21(b)). As mentioned in subsection 1.3.4, this value is
a crucial input parameter for numeric simulations of devices utilizing superconducting wires [232]. But
it can also be used for evaluating the sensitivity of the CC to a quench due to thermal disturbances
[233], thus potentially revealing possible defects in the REBCO material causing a premature quench
process. Nonetheless, most of the times the direct inspection of I, before and after an experiment is
a faster approach to spot the degradation of the HTS film.

3.4.2 Current Transfer Length Measurements

The Current Transfer Length (CTL) test is a relative new technique in the experimental realm of REBCO
CCs and it was developed by FASTGRID partners at EPM to specifically evaluate the CTL of a CC for the
CFD architecture. Since the increase in the CTL is directly related to the NZPV increase (subsection
2.4.1), this technique can be used to make a pre-evaluation of the current crowding effect created by
the presence of the CFD architecture. The method basically consists of mapping and analyzing the
voltage distribution across the flat surface of a small (3-5 cm) REBCO CCin low transport current (< 1 A)

after performing a special etching procedure of the REBCO layer.

As shown in Figure 3.22, the CC sample is modified by chemically etching away the REBCO-stabilizer
layers locally to form a groove/trench along the width of the tape (y-axis) at a position half-way across
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the length (x-axis). After the etching, the sample is silver sputtered to fill the groove and close an
electrical path with the overall silver stabilizer. In the presence of a low-level transport current at 77 K,
the groove forces the current to transfer from the REBCO to the silver. Using arrays of pogo-pins, the
surface potential in the region of the groove is measured and the data is fitted to a semi-analytical
(SA) model to calculate the CTL. The detailed development of the SA model can be found in [234].
Here, only a conceptual summary is presented to illustrate the usefulness of the technique.

n . ! « .
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Figure 3.22: (a) Spring-loaded pogo pin arrays soldered to a PCB. The PCB piece is positioned on top of the HTS CC for the CTL
measurements. (b) Schematic drawing of the sample’s cross-section with the etched groove. The groove diverts the current
path in transport current between the Cu pads (pogo pins represented by the black arrows on the groove region). Figures
taken from [235] with permission.

Assuming small potential fluctuations due to neglectable thickness variation (z-axis) of the thin silver
stabilizer and the REBCO layer, the voltage distribution can be described by a planar Helmholtz
equation:

V2 (Vag (6 3)) = k20 ((Vag . 3))) = Vs (@,3))) (3.9)

Where V44 (x, y) is the surface potential of the silver, Vg (x, y) is the potential in the REBCO layer and

k(y) = \/pag/R(y)dag with ps, being the silver resistivity, du, silver thickness and R(y) the local
interfacial resistance function across the width described as:

R(y) = {RO, if —wp/2<y<w/2 (3.10)

Working in equation (3.9), a differential Laplace operator D = V? — k?(y) can be used to rewrite the
equation as:

DVAg(x'Y) = _kz(y)VRE(x'y) (3-11)

In the equation (3.11) format, V,,(x,y) can be decomposed into a linear combination of
eigenfunctions 1;; of the operator D. Consequently, this allows V44 (x, ) to be rewritten as Vs, (x, y)
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(semi-analytical SA) a double infinite sum of analytical eigenfunctions ¥;;(x, y) and coefficients ¢;; as

follows:

Vsa(x,y) = Z Z cijYij(x,y) (3.12)

i=1j=1

The fitting procedure of the experimental data using equation (3.12) includes seven input parameters:
the total width of the CC tape (w), the width of the CFD region (wy), the thickness of the silver shunt
(d), the width of the groove (ly), the high interfacial resistance of the CFD region (Ry), the low
interfacial resistance of the CFD-free edges (R,) and the total voltage drop AV resulting from the
etched groove path.

Table 3-1: Example of the parameters used to fit the CTL experimental data with the semi analytical model described in
[234]. The experimental data was taken for a THEVA CC altered by EPM'’s silver re-sputtering technique.

Parameters Value
w 12 m
Wy 11.28 mm
d 1um
lo 2 mm
Ry 1 mQ-cm?
R, 100 nQ-cm?
av 335 pv

Figure 3.23(a) shows an example of a surface V4 (x, y) fitted with the parameters of Table 3-1 on to
the experimental data of a CFD sample done by the classic technique described in subsection 2.4.3.
The parabolic distribution of the voltage potential along the width (y-axis) in Figure 3.23(b) is
considered the “signature” behavior of the CFD. If the interfacial resistance were uniform (R, = Ry)
the voltage distribution would be constant (flat shape across the y-axis).

e Model
Experimental data

b O Expx=9.00mm
70 k ( ) O Expx=7.00mm
Exp x=5.00 mm
Model x=9.00 mm| |

Model x=7.00 mm
Model x=5.00 mm

300 4 (a)

20
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Figure 3.23: Current Transfer Length (CTL) measurements for a typical CFD sample at 77 K. (a) Experimental data (black dots)
fitted to the model for potential distribution on the silver surface of sample. (b) Parabolic potential distribution along the
width (y-axis) of sample.
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The direct inspection of the presence of the CFD effect can be spotted by analyzing the profile of the
potential across the width (y-axis) of the tape (Figure 3.23(b)). The “bell shape” of the curves indicates
a non-uniform interfacial resistance creating the expected current crowding effect.

Furthermore, knowing Vs, (x, y), the current density along the length J, (x, y) can be calculated as:

WVsa(x,
Jx(,¥) = —pag —SA;;C 2 (3.13)

And the net current I(x) flowing through the silver determined as:

w/2

1(0) = dy, f L (3.14)
w/2

Finally, with I(x) the CTL can be calculated using the definition for the CTL given in section 2.4.1 with
equation (2.12).

3.4.3 Electric NZPV Measurements

In the NZPV tests, the NZPV of the tape is evaluated by applying a single current pulse of constant
amplitude. The voltage evolution is recorded across the length of the tape with multiple voltage
probes touching the metallic stabilizer/shunt of the tape as illustrated in Figure 3.24 and detailed in
Appendix C. However, previous to the pulse, an artificial hot-spot is created on the middle of the tape
by positioning an NdFeB magnet close to its surface. The magnet’s field induces a substantial local
decrease in critical current (I.(x = 0) = I} < I.) and serves as a consistent point of origin for the
quench propagation in repetitive tests. Therefore, the amplitude of the pulse I, is chosen in the range
Ic <I, <. andthe currentis held constant as a way to minimize changes in input power to acquire
an average value of the NZPV.

U ............ Current source

NdFeB magnet HTS tape

Voltag)e taps

241 10 1234,

bbbl Ty

Figure 3.24: Schematic drawing of the experimental set-up used to measure the NZPV of 2G HTS CC tapes. Figure taken from
[207] with permission.

One example of the data acquired with the array of probes after a 120 A current pulse, is shown in
Figure 3.25. Dividing the voltage data by the known distances between the probes, the y-axis is plotted
as the electric field V/m. The NZPV is extracted by initially finding the time intervals between curves
required for the E-field to reach an established, arbitrary fixed value above the critical electrical (E, =
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1 uV /cm). Finally, the NZPV is calculated using these time intervals and the distances between the
voltage probes to obtain an average value of the quench velocity.
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Figure 3.25: Example of the experimental data acquired after the NZPV test. One single current pulse was applied and held
constant for a short time (10 ms). Meanwhile the evenly distributed probes record the voltage evolution in time.

The measurement of Figure 3.25 is repeated multiple times for different amplitudes of current to
determine the NZPV (cm/s) as a function of the current amplitude (A). As a benchmark, Figure 3.26
shows the NZPV curves for the commercial THEVA tapes with the uniform interfacial resistance and
the CFD tape created with THEVA's CC following EPM’s silver re-sputtering technique. These curves
represent crucial information for comparing the experimental and simulated NZPV data between
different CC architectures. This graph will reappear many times throughout this thesis.
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O
—~ 103 ]
€ 10 o
e o oCCO
) ey Rstiolony
> e} (@)
a o 00
N Q(-f§
Z 10 ©
;Q:df)ocp
101 L] L] L] L] L] L]
100 200 300 400 500 600 700 800

Current (A)

Figure 3.26: NZPV versus current for experimental data measured by EPM of a classic THEVA tape with uniform low interfacial
resistance.
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3.4.4 Fluorescent Thermal Imaging

Developed by FASTGRID partners in Karlsruhe Institute of Technology (KIT), the Fluorescent Thermal
Imaging was another technique used to characterize the quench propagation for the 2G HTS CCs
studied in this thesis. This approach uses a fluorescent micro-thermographic imaging technique at high
speeds for measuring the normal zone propagation [236,237].

In this method, the CC sample is initially coated with a thin layer of a fluorescence material (EUTFC or
EUTTA) via droplet deposition. Once the fluoresce coating is established, the CC is mounted on a holder
with current leads, two voltage probes at the ends and an NdFeB magnet positioned behind the CC as
shown in Figure 3.27. For the measurements, the holder is vertically inserted inside a double-walled
glass cryostat and filled with liquid nitrogen. As described in subsection 3.4.3, a current pulse of
amplitude in the range I; < I, < I is applied to ignite the quench. Outside of the cryostat, an array
of UV LEDs excites the fluorescence coating and a high-speed camera records the fluorescent light
emission reflected from a mirror directly positioned in front of the CC.

Copper terminal

Glass cryostat

N2 | Hrs

./ sample
- A 610 nm

i <filter
Lens

Magnetic

defect
Mirror (behind the
sample)
Current leads
- el e R T g > (1 cm in length)
‘< Copper terminal
= | HTS tape

Pulsed
current supply

Figure 3.27: Schematic view of the fluorescent thermal imaging experimental setup. The sample is placed in a double-walled
glass cryostat and submerged in liquid nitrogen. The UV LED array excites the sample at an oblique angle and the high-speed
camera records the fluorescent light emission through a mirror due to the experimental arrangement.

The NZPV (subsection 2.3.6) is evaluated by post-processing the recordings of the high-speed camera
after the pulse(s) of current. The temperature evolution on the 2D surface of the CC is extracted by
correlating the intensity (Figure 3.28(a)) of the fluorescent emission with temperature (Figure 3.28(b))
in a linear calibration done prior to the experiment. The speed of the thermal wave front is determined
by using an overlay grid to measure the distances (Figure 3.28(b)) frame by frame considering the
following arbitrary time and distance criterion:

Definition of quenched region:  Any region where the temperature is at or above 93 K.
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Definition of starting time: The quench start time is chosen as the first-time instance where a
quench is visible. The NZPV is measured from this point onwards.

Definition of distance travelled: The distance travelled is defined as the furthest point of the
guench zone, along any position of the tape’s width.

Raw frame , Thermal frame

(0] 0 O O
OO NPPPOOOOON
Temperature, T/K

o0

~ 0 00

Figure 3.28: Example of Fluorescent Thermal analysis for a frame of a CC sample during quench at 680 A pulse. (a) Frame of
the raw footage taken with the high-speed camera. (b) Thermal analysis of the frame with a mm-scale grid used solely for
measuring the propagation of the normal zone. The temperature scale is set to 77-93 K.

3.4.5 DC Limitation Tests

In DC limitation tests, a current fault condition is emulated by applying a single rectangular voltage
pulse of fixed amplitude. Since the voltage is held constant for a certain time, the value of the current
in the circuit is solely defined by the resistance of the HTS tape. During the fault, the local and global
electrical field (E-field) across the tape’s length is measured using multiple voltage probes as illustrated
in Figure 3.24. The array of voltage probes is the same used in the NZPV system shown in Appendix C.

A schematic drawing of the fault limitation circuit used by FASTGRID patterns in EPM is shown in Figure
3.29. A more detailed description of the system can be found in [189]. The circuit consists of two set-
ups operating separately: the “Limitation setup” containing a voltage source in series with the sample,
and the “I. setup” containing a current source to determine the critical current. The circuit alters
between the two setups using knife switches at the leads of the sample. With this circuit, the
robustness of the sample in different fault conditions is evaluated by measuring the I, before and
after each limitation test.

81



Simulation and Experimental Techniques

1 mg2

0

Limitation setup
(voltage source)

12m®
ll”_ knife switch knife sovggll
> NN .

—J

sample

I. meas. setup (current source) ‘

0.5m$2

ANEEED Y'Y
N

Figure 3.29: Schematic drawing of the experimental setup used for performing limitation tests and critical current
measurements.

3.4.6 AC Limitation Tests

The AC limitation tests were performed with collaborators of the Université Grenoble Alpes with the
system shown in the diagram of Figure 3.30. In this system, the current fault condition is created by
applying a single voltage pulse in AC (50 Hz or 60 Hz). The voltage source V;,,rce isanautotransformer
capable of delivering 0 — 380 V and a second transformer with a ratiom = 30/380 controls the high
current levels needed to quench the samples. The overall circuit impedance is represented by R.ircuit
and L;jycyic- The remote-controlled switch S1 connects and disconnects the SFCL element (2G HTS CC
tape sample) to the voltage source Vsyrce and the switch S2 by-passes the resistor Ry to create the
short-circuit fault. The prospective fault current in the circuit is adjusted changing the value of the
resistance Ry and Vsoyrce -

52

Ry S1 Rcircuit Leircuie

Ve ‘() Hsm

Figure 3.30: Simplified schematic drawing of the experimental setup used for performing AC limitation tests in Université
Grenoble Alpes.

Figure 3.31 shows an example of the data collected during one AC limitation test for a clear-fault
scenario of ~50 ms with the autotransformer set to 200 V.ms/m. The SFCL element in this case was a
15 cm CFD tape sample created with EPM’s method using a 12 mm wide THEVA tape (subsection
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2.4.3). The current fault (yellow line in Figure 3.31) of ~750 A was created at t = 10 ms closing the
switch S2. The tape quenched immediately in the first AC cycle sustaining a Ej;;,, of approximately
200 Vims/m for ~50 ms (red line in Figure 3.31) and S1 disconnected V;,,,ce in the zero-crossing point
t=57 ms.
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Figure 3.31: EPM-CFD test in AC Limitation at 200 V.,s/m for 50 ms fault duration to achieve the clear-fault regime.

The possibility of degradation between each test could be roughly evaluated by identifying the level
of current leading to the initial quench. Figure 3.32 shows how this quench current in the case of the
EPM-CFD sample did not decrease up until the 16™ and 17" test where both were conducted at
220 Vims/m for 50 ms. The quench current increases from test to test due to the increase of the voltage
Vsource @and only drops in case of I. degradation.

Ql.l{.‘-l'lf..‘l'l current versus test number
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Figure 3.32: Analysis of the quench current at each AC limit test for a EPM-CFD tape sample.

In addition to the electrical measurements, the slow-motion footage of the sample quenching in liquid
nitrogen was measured. The sample holder containing the tape could be placed horizontally inside the
cryostat facing the transparent wall (Figure 3.33). Behind the sample, a small NdFeB magnet was
positioned to initiate the quench in its middle. Outside of the cryostat, a slow-motion camera from
Phantom records the quench behavior of the tape with a frame rate of 43000 fps and an exposure
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time of 5 us. In order to obtain a clean footage of the film boiling evolution, only two voltage taps
were installed at each extremity of the sample to monitor the global electric field.

Figure 3.33: Picture of the slow-motion transport current set-up of Université Grenoble Alpes for filming the quench behavior
of 2G HTS tapes in AC fault limitation tests. The transport current sample holder containing the sample is immersed vertically
in a transparent cryostat to allow recording the footage.

Utilizing this technique, the signature behavior of the CFD architecture is spotted in the analysis of the
film boiling frame by frame. The characteristic film boiling formation of the CFD appears in the
beginning of each test (Figure 3.34). This visual result was useful for comparing performance with the
CFD-graphite tape samples (section 4.4.4).

Figure 3.34: Picture of the H-shape film boiling formation of CFD-EPM 12 cm tape with copper coating in the beginning of the
quench during the 15th AC limitation test.

3.5 CFD Simulations

In order to verify the possibility of incorporating different types of CFD, 3D finite element simulations
were performed using the COMSOL Multiphysics 5.5 software with the Joule Heating module and a
template provided by EPM. This template was originally conceived to demonstrate the concept of the
CFD architecture boosting the NZPV of 2G HTS tapes [206] and it was used here as valuable tool for
predicting certain behaviors during the NZP of other types of CFD structure. In this section, we provide
a brief description of the geometry implemented, the materials considered and the basic equations
used in the thermal-electric model.
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3.5.1 The Geometry

The CC cross-section geometry considered for the simulations is shown in Figure 3.35 with the physical
meshed layers: substrate (brown), buffer (yellow), REBCO superconductor (black) and the stabilizer
surrounding all the structure (white grey). The green and blue regions do not represent an actual
physical layer, but rather the high and low interfacial resistance regions between the stabilizer and
REBCO along the width of the CC. The geometry in Figure 3.35 represents the structure of CFD tape,
but it can be also used for a classic CC by considering a uniform low interfacial resistance along the
whole width w.

One important remark is that in practice, the interfacial resistive layers are much thinner than the
other layers (substrate-buffer-REBCO). These are approximated as 2D domains making the in-plane
components of current density (J, and J,) neglectable. Moreover, due to the symmetry of this
geometry, the computational time can be reduced by simulating only half of the CC’s width using a
symmetry plane along the length (x-axis).

Symmetry axis
(a) § w/2 !
! |
L1 Wepp/2 L
i i . Ag—top
A ReBa,Cu;0,
Buffer (MgO)

Substrate (Hastelloy)
Stabilizer (Silver-Ag)
High Interfacial resistance

Low interfacial resistance

L/2

Bl Hot-spot region
hAg—top

hAg—bot

Figure 3.35: (a) Cross-section schematic drawing (not up to scale) of the dimensions considered for the 2G HTS CC geometry
with CFD in the 3D finite element simulations performed using the COMSOL Multiphysics. This same geometry can be applied
to a CC with uniform interfacial resistance by simply considering the High (blue) and Low (green) interfacial resistances with
the same value in the parameters of the materials. (b) Longitudinal view of the 2G HTS CC considering a transport current
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traveling across the REBCO layer and a hot-spot region. The different interfacial resistances and the side-stabilizer layer are
not represented in this view for better visualization of the scheme.

3.5.2 The Simulated Materials

Since all the CC samples used in the experimental work of this thesis came from THEVA GmbH, the
following materials were considered for each layer: Hastelloy for the substrate, MgO for the buffer,
GdBCO for the REBCO and silver for the stabilizer. Apart from the GdBCO, all the electric and thermal
properties such as density (kg/m?3), thermal conductivity (W/m-K), specific heat (J/kg-K) and resistivity
(Q-cm) can be easily found in the material science literature and added to the simulation as
parameters to be interpolated from a table of values. THEVA traditionally uses GdBCO instead of
YBCO, but given the similarities in the REBCO family a generic REBCO layer is consider by simply taking
YBCO’s thermal properties.

The only property that requires modeling is the non-linear behavior of the REBCO’s conductivity as a
function of temperature. This behavior is described here as the sum of two conductivities; one for the
superconducting state g, (T) and one for the normal state o, (T).

oresco (T) = 0 (T) + 0, (T) (3.15)

The term 05, (T) can be described by the Power-Law in equation (3.16) and ¢, (T) is described by
the linear behavior of the resistance once T > T.,.

1-n(T)
Je(T) (IEI\ n™
O (1) =52 (3.16)
0 0
The critical current density is defined as:
(TC — T) T<T
Je(T) = Jeo T, —To/)’ ¢ (3.17)

0 , T>T.

And the exponential n-value term is given by:

1
T. —T\4
n(T) = (ng—1) <TC — To) +1, T<T, (3.18)

1 , T=>T.

Where T, is the critical temperature, T is the temperature of liquid nitrogen, /o is the initial critical
current density at T, (in other words J.(Ty)), E, is the critical electric field, ||E|| is the norm of the
electric field in time and ny is a fitting parameter.

The formation of the hot-spot to initiate the normal zone propagation (NZP) is accomplished by
altering the initial current density distribution /., along the width and length (yx-axis) according to
equation (3.19).
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L2 w2 2
Jeo = Jeo (1 R (G RCNE ) (3.19)

Where d corresponds to the width size of the defect in J.; and A the amplitude of the defect.
Implementing equation (3.19) into equation (3.17) lowers locally the I, in one end of the tape (Figure
3.35(b)), thus creating the natural condition for the occurrence of a hot-spot. In addition, only in the
first microseconds of the simulation, a small temporary heat source is applied in the same region of
this lower I, to push the hot-spot region to initiate a quench.

For properly solving the simulation, the Joule-heating model from COMSOL Multiphysics combines
two set of equations from two separated standard embedded models; the “Electric Currents” model
and the “Heat Transfer in solids” model. Therefore, the software solves simultaneously the equations
for the voltage V' and the temperature T as the simulation run. The detailed description of the
theoretical physical equations used by COMSOL for solving V and T can be found in [206].

3.5.3 Simulation Example

As a practical example of the information that can be extracted from these NZPV simulations, w
present here the results for a uniform THEVA tape and a CFD tape based on the same structure. Table
3-2 reveals all the major parameters considered for the geometry and the materials’ properties.

Table 3-2: Parameters and numeric values for the NZPV simulations using the 2G HTS structure of THEVA tapes

Parameters Value Physical properties reference
Length (L) 6 cm -

Width (w) 12 mm -

Hastelloy substrate thickness (h;) 95 um

MgO buffer thickness (hy) 3 um

GdBCO thickness (hggpco) 3 um

High interfacial resistance (CFD layer thickness) 100 nm 10 mQ-cm?

Low Interfacial resistance layer thickness 100 nm 100 nQ-cm?

Top, bottom and Sides - Ag stabilizer 1um

(hAgftap' hAgfbat' hAgfside)

Critical current density (/o) 1.95 MA/ cm?
Critical temperature (T'.) 90 K
Liquid nitrogen temperature (T) 77 K
Critical electric field (E) 1 uV/cm
n-value at T, (n,) 15
Defect amplitude (4) 0.9
Defect size (d) 1 mm

Applied current (I 200 A

app)

Using the parameters of Table 3-2 to simulate the NZPV, the evolution of temperature and voltage in
time is obtained on all the meshed volume of the tape. As mentioned before, the uniform structure is
accomplished by considering the interfacial resistance Ag/GdBCO uniform and with a fixed value of
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100 nQ-cm? and the CFD by part of the width (wggp) with 10 mQ-cm?. Figure 3.36 reveals the state of
the temperature in the GABCO layer at t = 3 ms for a uniform tape showing the virtual probes added
to the same layer. These probes are equidistantly spaced along the length (y-axis) in the symmetry
line of the geometry and the data is used to plot the local temperature and voltage evolution as shown
in Figure 3.37.

Time=0.003 s Temperature (K)
A 231
100

2
X107 m 0 v 77

Figure 3.36: Isometric view of THEVA’s CC showing, in color scale, the temperature evolution during the normal propagation
zone for the parameters listed in Table 3-2. The interfacial resistance was considered uniform (100 nQ-cm?) for the whole
Ag/GdBCO (no CFD).

The NZPV is extracted from the data in Figure 3.37 by considering a reference temperature line at 90 K
intercepting the temperature curves. Each interception corresponds to the moment the REBCO layer
reaches 90 K and is completely quenched. The NZPV is calculated by dividing the known distance
between the probes by the time intervals correspondent to these intercepted points. This same
analysis can also be done using the curves of voltage versus time to observe certain discrepancies in
the NZPV and temperature distribution, but just the thermal analysis is sufficient to obtain an overall
idea of the NZPV behavior here.
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Figure 3.37: Graphs of the Temperature versus time for the array of virtual probes located along the tape’s length (x-axis).
(a) Uniform THEVA tape after 60 ms of simulations time. (b) CFC-THEVA tape after 20 ms of simulation time.

Furthermore, these simulations can perform a swipe over different values of applied current I, to
obtain the NZPV versus Current curve for the architecture under consideration. As an example, Figure
3.38 reveals two simulated NZPV curves for the two cases mentioned before: the uniform THEVA and
the CFD-THEVA. The uniform THEVA curve (black solid line) seems to agree well with the experimental
data collected using the technique described in section 3.4.3. In addition, the CFD-THEVA curve (blue
solid line), shows a reasonable prediction of the NZPV boost when the interfacial resistance is
increased from 100 nQ-cm? to 10 mQ-cm? over the width wepp = 0.95 w.
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Figure 3.38: NZPV versus current for the experimental and simulated data of a classic THEVA tape with uniform low interfacial
resistance and a THEVA tape with the standard CFD architecture created by EPM.
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4 First Materials for the CFD Architecture

Finding the best approach to incorporate the CFD concept in the 2G HTS architecture of coated
conductors revolves around tuning the right conditions for the creation of a practical high value of
interfacial resistance in the CFD layer. However, as this chapter will illustrate, these conditions are not
so obvious. Before tuning any of the known CFD parameters, one must first establish what are the
critical conditions surrounding the integrity of a CC with the CFD behavior.

This chapter reports on how some of these “critical conditions” were found empirically during the first
attempts of creating the CFD effect in THEVA tapes. These attempts followed the simplest approach
of introducing known materials, e.g commercial epoxy and graphite composites in between the
Ag/REBCO interface. The epoxy and graphite were chosen purely based on chemical stability with
respect the REBCO film and compatibility with low cost deposition methods such as ink jet printing
and spray-coating.

4.1 Characterizing the GdBCO Surface

Before considering the different deposition techniques and materials to play the role of the CFD layer
on the REBCO film, an initial characterization of the available REBCO film was performed to assure
chemical and physical compatibility of the superconductor with the envisioned CFD materials. For
instance, the solution deposition of liquids with low-viscosity and low surface tension could penetrate
into pre-existing pores [238] and cracks [239] of the REBCO film. This phenomenon could extend an
expected acceptable thin surface degradation of the film, to an undesirable degradation across the
thickness thus comprising the percolation of current. Moreover, in some cases, CC manufactures add
extra special coatings like chlorine [240] for the protection of the film and such elements must be
identified beforehand to predict possible harmful reactions with any new coatings.

4.1.1 SEM Analysis of the GABCO Surface

The surface characterization on a 12x12 mm bare tape piece from THEVA GmbH composed of
GdBCO/MgO/Hastelloy layers was performed by SEM. The top view of the GdBCO surface revealed
the presence of unknown bodies/particles sparsely distributed across the surface (bright bodies in
Figure 4.1(a)). The chemical characterization via EDX/SEM of one of these bodies exhibited the same
elements Gd, Ba, Cu and O corresponding to the GdBCO surrounding material (Figure 4.1(c)).
Therefore, speculating on the exact chemical composition of each particle solely on EDX wasn’t
possible. However, these bodies presented a neglectable gray scale shift in the backscattered image
(Figure 4.1(b)), thus strongly suggesting a similar density to that of the superconducting GdBCO
material.

It is well known in the literature of REBCO synthesis that virtually all vapor deposition methods, such
as PLD, DC sputtering, and MOCVD can create precipitates on the surface of the films just the like
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bodies/particles shown in Figure 4.1. The precipitate formation is very sensitive to the growth
conditions and stoichiometry, and it can consist of the main REBa,Cus0; phase and many different
secondary phases. For instance, for YBa,Cus0; synthesis some reported phases are: CuO, Y,03, YCuO,,
BaCu,0,, YCu,0s and Y,BaCuOs.. Therefore, it is reasonable to affirm that these precipitates are not
an exclusive aspect of THEVA’s manufacturing procedures. One explanation provided by K. Fujiko is
that the nucleation of these precipitates occurs at the initial stage of film growth due to the
supersaturation of impurity phases [241].

Counc| Ka (c)
507 EDS Quantitative Results
Element Wt% At%
Bea GdMz OK 9.70 43.52
CuLa Cul. 17.56 19.84
L GdM 20.72 9.46
51 BaL 52.01 27.18

198
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Figure 4.1: SEM images of a 12x12 mm bare piece of CC from THEVA GmbH composed of GdBCO/MgQO/Hastelloy layers.
(a) Secondary Electrons (SE) image of the GdBCO surface. (b) Backscattered Electrons (BE) image of the GdBCO surface.
(c) EDX analysis of a precipitate on the GdBCO film.

From the planar perspective of Figure 4.1(a), some of these surface precipitates have dimensions
surpassing 1 um in diameter. For this reason, the 12x12 mm sample was tilted inside the SEM to
acquire a second 3D view of the sample’s surface. As shown in Figure 4.2(a), the precipitates have a
considerable dimension perpendicular to the GdBCO surface sticking out to heights surpassing 1 um.
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This final analysis allowed to classify these precipitates as outgrowth peaks made of an unknown
phase of the GABCO material.

Like YBCO, most of the GABCO oxide secondary phases are not conductive, e.g Gd>0s; and CuO, but
some other phases are indeed as conductive as the main GdBa,Cus0; phase at room temperature. In
a ¢-AFM study performed by Martin Truchly, it was shown that the surface degradation of YBCO in air
is much slower in these precipitate phases, thus leading to a conductivity 20x higher than surrounding
areas [242]. The possibility of having the majority of outgrowth peaks being from a phase with an
electrical conductivity similar to that of the superconducting GdBa,Cus0O; phase presented a critical
concern for the CFD interface. Depending on the density distribution of these peaks, the thickness of
any CFD insulating material on top of such GABCO/MgO/Hastelloy template would have to be very
well-tuned in order to avoid short-circuits through the insulation happening between the final silver
stabilizer and the “tall” peaks.

0 pym \ 2ym
ANTA FEI 200 FEG E 0 JUANTA FEI 200 FEG |

Figure 4.2: Tilted SEM images of the surface of a 12x12 mm bare piece of CC from THEVA GmbH composed of
GdBCO/MgO/Hastelloy layers. (a) Secondary Electrons (SE) tilted view of the GdBCO surface revealing the presence of
outgrowth peaks of GdABCO material. (b) Magnified SE image of one outgrowth peak.

4.1.2 AFM Analysis of the GABCO

Foreseeing the possible conductive aspect of the outgrowth peaks of GdBCO on THEVA's
GdBCO/MgO/Hastelloy CC template, a topography AFM was performed for a 55x55 um area of a
12x12 mm sample to verify their impact in the CFD interface. Figure 4.3(a) shows the topography scan
of the sample revealing the randomly dispersed outgrowth peaks across the GdBCO surface with
heights up to 700 nm. The natural curvature of the Hastelloy substrate was compensated with
Mountains software to level the AFM data with a 3-point plane compensation.
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Figure 4.3: (a) 55x 55 um AFM topography analysis on GdBCO surface of THEVA tape. AFM data was compensated with a
3-point plane method. (b) Particle classification study of the AFM topography. Particles presented a mean height around
200 nm, but only particles above 300 nm are shown.

Figure 4.3(b) shows a particle classification study performed with Mountains software considering
these structures. Here, only structures above 200 nm are considered particles. Figure 4.4 shows the
three height classifications, A, B and C for the 59 identified peaks. These appear to cover
approximately 1% of the area with the majority ranging from 300 to 436 nm and only 10% above
436 nm in height.
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Figure 4.4: Particle height classification (A, B and C) chart of the structures found on THEVA’s GdBCO material

Theoretically, if a high resistive CFD layer were to be implemented letting all the outgrowth peaks
exposed and contacting the silver stabilizer/shunt, a 1% peak density would represent a substantial
decrease of the CFD interfacial resistance. For example, considering the simulation model in
subsection 2.4.3 where the CFD layer covers 90% of the HTS surface, p; « Py , and the low interfacial
resistance of the edges is p; = 100 nQ-cm?, if all the outgrowth peaks in contact with the silver had
the same interfacial resistance of p;, the CFD contact resistance would be:

P 100 nQ-cm?
€FD ™ 194 (55 x 55) pm?

=0,330Q

This Rcrp represents the mean contact resistance over a 55x55 um area on the CFD region. Dividing
Rcrp by the same area, we see that the actual CFD specific contact resistance pcrp would be
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1075 Q-cm?. This value is one order of magnitude below the “high” interfacial resistance threshold of
10~* Q-cm? to attain a significant 1-fold increase in the NZPV (Figure 2.16).

4.1.3 Estimating the Outgrowth Peaks Contact Resistance

In order to confirm the influence of the outgrowth peaks in the final CFD behavior, an experiment was
conceived to estimate the interfacial resistance Ag/GdBCO-peaks. Three 12x25 mm samples of THEVA
GdBCO tape were spin coated with an electric insulated layer of negative photoresist SU-8 2000 with
thicknesses 200 nm, 400 nm and 800 nm. These thicknesses were chosen according to the particle
classification A, B and C of Figure 4.4 to assess the influence of the height groups. With 800 nm of
SU-8, almost all peaks should be covered, with 400 nm a bit more than half is covered and at 200 nm
all peaks should be exposed. After the SU-8 deposition, all samples were sputtered with four silver
contact pads (P1, P2, P3 and P4) of approximately 40 mm? as shown in Figure 4.5(a).

At room temperature, the average resistance between the pads was in the MQ range and revealed a
complete electric insulation between the silver and GdBCO. Therefore, all samples were annealed at
325 °Cfor one hourin 1 bar of oxygen atmosphere to lower the silver contact resistance at the GdBCO
peaks without destroying the SU-8 layer. After annealing, all samples presented a significant decrease
in the resistance between pads at room temperature, thus indicating the formation of an electrical
path through the SU-8 layer. To assure the integrity of the SU-8 layer and rule out the presence of
extra electrical paths other than the GdBCO peaks, the cross section of one sample was analyzed in
SEM-FIB. As shown in Figure 4.5(b), the SU-8 creates a continuous interface Ag/GdBCO and so we
could assume that any current flowing from the Ag to the GdBCO take the path of the peaks.

CNIVHMB & ICN

Figure 4.5: (a) 12x25 mm GdBCO tape sample fully covered with photoresist SU8 and four silver pads (P1, P2, P3 and P4).
(b) Cross section FIB image of GABCO tape sample after SU8 and Ag deposition.

For each sample, the global interfacial resistance was estimated by taking the I-V curves between each
pair combination of silver pads at 77 K (in liquid nitrogen). From the linear |-V data, the resistances

R, are taken, where xy represents permutation indexes of the pads (x,y — 1,--- 4). The resistance
Ry, is then multiplied by the area of their respective pad combinations to calculate the interfacial
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resistances py,. As an example, the interfacial resistance p;, originated from pads P1 and P2 would
be:

P12 = Riz X A1 = Ryp X (A1 + 43)

The interfacial values are then averaged and the results were plotted with the standard deviation
against the thickness of the SU-8 layer as shown in Figure 4.6. It is important to mention that this
method of estimating the global interfacial resistance is a rough approximation that is only valid due
to the order of magnitude found for the resistances Ry, . These values are considerably greater than
the contact resistance of the current/voltage probes used to take the |-V curves. Consequently, all the
resistance is assumed to be coming from the interface Ag/GdBCO-peaks. For an interfacial resistance
below 10™* Q-cm?, the measured resistance would be dominated by the contact resistance of the
experimental probes and the bulk resistance of the silver pads, thus making this technique invalid.
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Figure 4.6: (a) I-V curves between silver pads for sample with 400 nm of SU-8 resin. (b) Global interfacial resistance versus
SU-8 thickness.

The 800 nm of SU-8 created an interfacial resistance above 10 Q-cm?, not enough to completely
insulate the GdBCO from the silver layer, but enough to create the expected CFD effect as discussed
in section 2.4.3. With 400 nm of SU-8, the resistance dropped two orders of magnitude, but
interestingly no significant decrease was observed for 200 nm of SU-8. One simple explanation for this
result is the partial covering of the GABCO peaks by SU-8 residue. The peaks are not high enough to
break the surface tension of the SU-8 solution during the spin coating deposition, they remain “wet”,
therefore, after the baking process, the epoxy does not sinter completely around the peaks. Since the
GdBCO peaks are not in direct contact with the Ag layer, but rather partially covered by epoxy,
annealing at 325 °C will not produce the expected sharp drop in contact resistance reaching
107° Q-cm?.

From the point of view of the CFD manufacturing, these results show that as long as the chosen CFD
material provides a diffusion barrier for the silver at the GdBCO peaks, the high interfacial resistance
will be preserved and an effective CFD effect will be present.
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4.2 SU-8-CFD Tapes

The experimental confirmation of a high interfacial resistance on the surface of the GdBCO film
covered with SU-8 photoresist led to a CFD manufacturing trial using the very same epoxy. Besides
countering the presence of outgrowth peaks, this epoxy presents many relevant advantages:

e |t is compatible with low-cost deposition techniques that could be easily implemented in a reel-
to-reel CC production such as Ink Jet Printing (IJP) and slot-dye coating;

e The viscosity can be easily controlled for it to be spread over a thickness ranging from 200 nm up
to 300 pum;

e The solution is a negative photoresist resin that becomes cross-linked under UV light, thus making
the CFD patterning trivial during any fabrication process;

e And finally, this epoxy presents a very low mass loss up to 325 °C, thus allowing the annealing of
the silver without compromising the structure of the CFD layer.

4.2.1 Depositing SU-8 on GdBCO for CFD Tests

In a CC reel-to-reel industrial process, the epoxy deposition should only come after the oxygenation
of the REBCO layer, but before the silver coating and oxygen annealing as shown in Figure 4.7.
However, to verify the feasibility of using the epoxy before any annealing optimization, CFD tape
samples were manufactured utilizing commercial pre-oxygenated silver-coated tapes, with the layer
structure Ag/GdBCO/MgO/Hastelloy provided by THEVA.

Bl ReBa,Cu,0, Il Hastelloy B 5U-8 2000 epoxy

Oxygenated HTS MgO Silver (Ag) B Low interfacial resistance

without Silver
1.5U-8 2. Silver 3. Silver Oxygen

ReBa,Cu,0, Coating Coating Annealing

— B B4 KB4

Figure 4.7: Workflow showing the cross-section stages of a tape sample for the incorporation of the CFD using the SU-8 epoxy
in a reel-to-reel industrial process.

Figure 4.8 shows the proposed experimental steps for the SU-8-CFD incorporation. First, the silver
layer is etched with a hydrogen peroxide solution just in the central part leaving the edges intact. The
SU-8 resin is then spin coated at 3000 rpm for 1 min on top of the partially etched sample covering
the whole surface. The sample is subsequently pre-baked at 90 °C for 5 min in ambient atmosphere
and inserted in a UV light chamber for 15 min. In the chamber, the edges are protected from the UV
light to avoid crosslinking and allow the final etching of the epoxy with acetone. After etching with
acetone, the epoxy only covers the central part of the tape and defines the CFD pattern. Finally, the
tape is sputtered with 1 um of silver to finish the shunt coating.
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Commertical HTS B ReBa,Cu;0, Bl Hastelloy B SU-8 2000 epoxy
tape oxygenated MgO Silver (Ag) I  Low interfacial resistance
with Silver
2.5U-8 3. Silver
ReBa,Cu;0, 1. Ag Etch Coating Coating

I - I - - -

Figure 4.8: Workflow showing the cross-section stages of a tape sample for the incorporation of the CFD using the SU-8 epoxy.

Before attempting to fabricate a long length tape sample (> 10 cm) with the procedure of Figure 4.8,
the effect of silver etching and depositing SU-8 on the critical current was evaluated via SHPM
measurements. A piece of 30x12 mm of THEVA tape was silver etched along half of the length with a
hydrogen peroxide solution leaving the other half unaltered as show Figure 4.9(a). Minutes after
etching a SHPM measurement was performed at 77 K. By comparing the mean value of the field
component B, between the “virgin half” and the exposed half, we speculate substantial changesin I
for the steps of the SU-8 deposition. Looking at the Hall-scan lateral view in Figure 4.9(b), we observe
that the exposure of GdBCO to air for less than 2 hours yields an average 1 mT decrease in B,.
Considering the homogeneous magnetization of 3 um of GdBCO film, this drop represents a thin layer
degradation of less than 100 nm and a 2.5 % reduction from the original I.. This same sample was
subsequently spin coated with SU-8 and the B, measured again. No further signs of degradation were
noticed with the presence of the epoxy.

10 Gauss drop
b TN
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20
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Figure 4.9: (a) 30x12 mm tape sample from THEVA with half of the silver etched. (b) Lateral view of the perpendicular trapped
magnetic field B, taken with SHPM at 77 K.

4.2.2 The NZPV of Epoxy-CFD Tapes

Accepting a 2.5% reduction in the critical current, two SU-8-CFD tape samples were fabricated at
ICMAB following the procedure described in Figure 4.8 with 130x12 mm pieces from the commercial
tape shown in Appendix Figure D-1. Both samples (Figure 4.10) were sent to FASTGRID partners in
Ecole Polytechnique Montréal (EPM) for NZPV and DC current limitation tests. In all the tests the
voltage probes (ai3 to ai70) on the silver surface followed the disposition of the PCB shown in
Appendix Figure C-1.
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Figure 4.10: Two 130x12 mm SU-8-CFD tape samples created at ICMAB for NZPV and DC current limitation tests in EPM’s
laboratory. Sample #1 above and #2 below.

In the first NZPV test, sample #1 was pulsed with a current signal of 235 A/ms and a 6 ms dwell at
478 A (red dashed line in Figure 4.11(a)). A preliminary analysis of the global electric field (solid blue
line in Figure 4.11) indicates that the sample only started quenching during the ramp down of current
after the dwell. Since the current was not constant during the quench, it becomes difficult to make a
precise estimation of the NZPV. Yet, considering 10 V/m as quench criteria, a constant current of 450 A
and the electric field evolution on the left and right side of tape (Figure 4.11(b)), the NZPV was
estimated safely in the range of 50-91 m/s. This value is one order of magnitude above the
experimental and theorical values found for the classic EPM-CFD shown in Figure 3.38. The epoxy
certainly increased the interfacial resistance in the CFD region beyond 10 Q-cm? and added an extra
NZPV boost to the tape (Figure 2.16). In total, four NZPV tests were performed at the same current
level of 450 A. The electrical behavior was consistent in all the tests and no direct measurement of the
sample’s I. was performed since no signs of degradation could be noticed from the quench behavior.
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Figure 4.11: Electric Field x Current x Time curves for NZPV evaluation of sample #1. (a) Global Electric Field (solid blue line)
across a 75 mm voltage taps during the 450 A current pulse (dashed red line). (b) Evolution of the Electric field in time during
a 450 A current pulse for multiple voltage taps distributed across a 75 mm distance on the sample.

Following the NZPV tests with sample #2, in the 1% measurement, a pulse current of 500 A with 3 ms
dwell was applied. A preliminary analysis of this 1** test reveals a similarly fast NZPV behavior between
sample #1 and sample #2 (Figure 4.12). In the 2" measurement, one of the current contacts quenched
at 750 A while trying to determine I, at 77 K indicating that the sample’s critical current was over
750 A, which is consistent with the I. expected for the reel FG-OX0-012 from THEVA shown in
Appendix Figure D-1.
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Figure 4.12: Electric Field x Current x Time curves for NZPV evaluation of sample #2. (a) Local and Global Electric Field across
a 75 mm voltage taps during the 500 A current pulse of 3 ms. (b) Zoomed image of the region of interest for the evaluation
of the NZPV.

In the 3" measurement, the same current contact quenched at 700 A, indicating damage of HTS layer
at the contact. In the 4" measurement, the same I, test was performed and the sample quenched at
630 A. However, in the 4™ test the tape did not quench at the current contact, but rather in the middle
of the sample where the NdFeB magnet was positioned, thus indicating an I. degradation following
the 2"¥ and 3" measurements. In order to avoid further degradation and allow a proper post-mortem
investigation via Hall-scan measurements, no further transport current experiments were performed
for sample #2.

4.2.3 DC Limitation Tests for SU-8-CFD Samples

The current limitation test was performed after the NZPV tests only on sample #1 and the results are
shown in Figure 4.13. In the first limitation test, a voltage pulse of approximately 4 ms was applied
and the fault current surpassed 900 A. At t = 2 ms, the sample’s electric field increases beyond 85 V/m
and the current is limited to 500 A indicating a first quench. At t = 2.2 ms the field dips below 65 V/m
reaching a minimum at t = 2.4 ms and the current is limited below 300 A, thus indicating a second
qguench. After t = 2.4 ms the E-field spikes again reaching 90 V/m at 2.7 ms and in less than 0.2 ms it
stabilizes around 70 V/m with no further current limitation. The stable value of the current during the
second E-field spike suggests a behavior not related to a quench. Nevertheless, the presence of two
guenches during limitation represents two stages for the resistive switch that are easily identifiable at
t = 2.3 ms in Figure 4.13(b). After the first 1* limitation test, the I. dropped from 820 A (prior to the
limitation test) to 330 A. Moreover, a “crack-like” defect was spotted on the upper silver layer of the
tape at the exact location where the critical current was reduced to 330 A. The origin of the crack will
be discussed in the following section.
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Figure 4.13: Current limitation test for sample FG-OXO-12(25) with SU-8 CFD. (a) Global Electric Field (solid blue line) across
a 75 mm voltage taps during current fault (dashed red line). (b) Global Resistance (solid grey line) during current fault (dashed

red line).

These NZPV tests have shown that samples with a CFD made of epoxy only remain intact if a quench
happens for an applied current less than 500 A. If the quench happens for a current amplitude above
700 A, degradation in I, is likely to occur. We highlight that sample #1 only showed degradation after

the limitation test where the current was ~900 A.

4.2.4 Post-Mortem Investigation of SU-8-CFD Tapes

In order to understand the degradation mechanism on SU-8-CFD samples, the “crack” defect on the
silver coating of sample #1 was investigated using FIB-SEM imaging. In Figure 4.14(a), a small section
of the “crack” is shown with a yellow traced line defining the damaged region. Transversal to the
damaged region, a FIB cross section cut was done 10 um deep into the sample. Interestingly, no crack
fracture is observable on the silver surface. In fact, the FIB cut reveals that the silver deformation came
from a local buckling effect [243] that probably originated from the thermal stress during quench.
Analyzing the sides of the FIB cut in Figure 4.14(b), we see that the SU-8 layer was delaminated
following a fracture in the GdBCO material across the SU-8/GdBCO interface. However, the actual
structural damage of the GdBCO layer is only seen in the center part of the cut (Figure 4.14(c)). In the
backscatter analysis of Figure 4.14(d), another zone, delimited by the yellow traced line, presents a
strong shift in the grey scale, thus indicating a phase change of the GdBCO crystal. This phase change
suggests that a local temperature increase beyond 700 °C took place after the initial interfacial fracture

in the SU-8/GdBCO boundary.
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Figure 4.14: SEM-FIB analysis of the buckled silver region on SU-8-CFD sample #1 after current limitation tests. (a) Silver
buckled region and transversal FIB cross section cut. (b) Left side of FIB cross section cut, (c) Secondary Electron (SE) image of
the center of FIB cross section cut. (d) Backscatter Electrons (BSE) image of the center of FIB cross section cut.

In addition to the SEM-FIB imaging, Hall-scans of sample #1 and #2 were taken at 77 K to characterize
the extension of the degraded region. Notably, the B, field map of sample #1 in Figure 4.15(a) reveals
more than one degraded region along the tape’s length. Besides the expected defect in the buckled
region around the 60 mm mark, three more damaged regions are spotted at the length marks of 40,

85 and 100 mm.
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Figure 4.15: Perpendicular trapped field B, measured by SHPM at 77 K of two 100 x 12 mm SU-8-CFD samples produced on
top of THEVA ISD-MgO/GdBCO tape: (a) sample #1 and (b) sample #2.
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The symmetrical distribution of the defects along the length reinforced the thermal stress character
of the problem by suggesting a multi-node buckling effect. Furthermore, the same defect pattern is
also seen in the B, map of sample #2 in Figure 4.15(b). Apart from the expected left current contact
damaged (y mark 10 to 30 mm), the pair of defects appears on the left side of the tape at the marks
40 and 60 mm.

4.3 Numerical Simulation of SU-8-CFD Tapes

To understand the delamination mechanism and degradation in SU-8-CFD tapes, numerical
simulations were performed considering a classic EPM-CFD and the SU-8-CFD. In this section, the two
cases were compared and used to formulate a simple explanation for the degradation phenomena.

4.3.1 Inter-Layer Temperature Gradients

Using the COMSOL template described in section 3.5, the simulation of the NZPV was performed for
a CC with the SU-8-CFD structure. The CFD epoxy region is considered as boundary condition between
the silver and the HTS. The COMSOL “Boundary” was set to a “Contact Impedance” of 102 S/m (same
as the EPM-CFD case), but with an extra “Thin Thermally Resistive Layer” condition considering the
SU-8 thermal conductivity of 0.2 W/m-K at room temperature. The quench current was set to 550 A
and only two SU-8 thicknesses, 400 and 1000 nm, were tested due to extensive computational time
needed.

For the two simulated cases, the evolution of temperature across the HTS length follows the same
distribution shown in Figure 4.16. No potentially destructive temperature spikes were identified nor
changes in the final NZPV value. From the point of view of the NZP thermal frontier, the presence of
the epoxy appears to be irrelevant to the CFD behavior.
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Figure 4.16: Simulation done in Comsol Multiphysics. (a) Simulated temperature evolution along 25 mm length of a SU-8-CFD
tape during a quench at 550 A. (b) Sketch of simulated geometry for the CFD tape in Comsol Multiphysics. (Symmetry line at
y=60 mm indicated by red dots). The red dots correspond to the positions where the temperature evolution is analyzed.

Still, when analyzing the temperature gradient across the thickness of the tape after the full
propagation of the quench at t = 2.5 ms, a significant difference appears between the epoxy case and
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the classic EPM-CFD case. Looking at Figure 4.17, we observe that the temperature gradient is rather
high in the presence of the epoxy layer: 15000 K/mm for 400 nm of SU-8 and 20000 K/mm for 1 pum.
In comparison, the temperature gradient in the EPM-CFD case is only 200 K/mm across 100 nm of
degraded GBCO layer. Moreover, taking into account that the thermal conductivity can decrease 1
order of magnitude for epoxy compounds in cryogenic environment [244], these temperature
gradients are considered very conservative values since the thermal conductivity of the epoxy was
held constant at 0.2 W/m-K.
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Figure 4.17: Simulated temperature distribution across the cross-section of two different CFD tapes during quench. (a) Classic
EPM-CFD with 100 nm of degraded REBCO and (b) CFD with 400 nm of epoxy SU-8 2000.

In view of a significant temperature gradient, a second 2D simulation was performed using the
“Thermal Expansion” module of COMSOL Multiphysics to estimate the order of magnitude of the
correspondent thermal stress in the SU-8 layer. Considering a 20 um section of 1 um thick SU-8 with
the properties found in the product datasheet [245], the resultant von Mises stress and deformation
for a temperature gradient of 20000 K/mm across the thickness is shown in Figure 4.18. As expected,
due to the high coefficient of thermal expansion, the segment buckles upwards experiencing a
maximum stress of approximately 16 MPa. This value is coherent with other studies reporting
transverse tensile stresses in the order of dozens of MPa causing severe I. degradation and
delamination in CC HTS tapes [246].
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Figure 4.18: von Mises stress and deformation (5 scale factor) for a 20 um length section of 1 um thick epoxy exposed to a
temperature gradient of 20000 K/mm. Simulation done with COMSOL Multiphysics Thermal expansion module.
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In summary, the low thermal conductivity of the SU-8 epoxy in combination with the thermal
distribution of the CFD effect induces an elevated temperature gradient across the layers during
guench. Consequently, the gradient provokes a thermal stress in the order of MPa due to the epoxy
high thermal expansion coefficient. Part of this stress is also experienced in the interface with the HTS
layer, thus leading to an I, degradation and possible delamination due to local buckling.

4.3.2 Secondary Delamination Effect

Overall speaking, the delamination of any chosen material on top of the REBCO film is a potentially
harmful process for the superconducting properties. If the bonding strength of the material is higher
than the yield stress of the REBCO film, the delamination will occur with partial removal of the
superconducting material (Figure 4.14(c)). Furthermore, in the case of REBCO thin films, a surface
fracture caused by the delamination can propagate cracks across the thickness, thus compromising
the transport critical current of a conductor. Meanwhile, in the pursue of a compatible material for
the CFD interface, a clean delamination (no fractures) between the HTS and the CFD remains a
plausible scenario. Therefore, in this subsection, we briefly explore the possible effects of a clean
delaminated region on the CFD interface.

Using the same numerical model of the previous subsection, the simulation of the NZPV was
performed once again considering the CFD interface having a “Thin Thermally Resistive Layer” with an
inhomogeneous thermal and electric conductivity. This inhomogeneity represents a delamination
defect in the middle of tape whereas thermal and electric conductivity drops from 0.3 to 0.01 W/m-K
(conductivity of air) and from 10 to 10° S/m respectively. Looking at the simulation result of Figure
4.19 we can see how the HTS temperature suddenly starts to increase faster in the defect (yellow line)
once the thermal front of the quench reaches the region. After 8 ms the mean temperature of the
tape is still below 430 K, but the delaminated zone already surpasses 500 K. In this situation,
degradation of the delaminated zone is likely to occur due to oxygen loss.
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Figure 4.19: Comsol Multiphysics simulation showing the temperature evolution along 25 mm length of a SU-8-CFD tape
during a quench at 550 A with inhomogeneous thermal and electric conductivity.

In summary, this simulation highlights the importance of the metallic shunt adherence onto the HTS
layer regardless of the type of delamination suffered by the epoxy. Once the epoxy losses physical
contact with the HTS, the zone becomes a new synthetic hot-spot. The temperature increase in the
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hot-spot might not be enough to completely burn directly the tape, but it can de-oxygenate the zone
and compromise the average critical current.

4.4 Graphite CFD

In general, epoxy polymers like SU-8 can be used in many different applications due to lightweight,
durability, low production cost and easy to scale deposition. However, it's common knowledge that
polymers are thermal/electrical insulators, which hinders their implementation in other applications
where heat dissipation becomes a critical factor like electronic packaging. For this very reason, for two
decades now, researchers have focused on the development of polymers doped with special fillers
capable of boosting the thermal conductivity from the 0.2-0.5 W/m-K range beyond 10 W/m-K. Among
many of the different fillers, e.g copper, silver, diamond powder, boron nitride, aluminum nitride, etc.,
graphite nano-composites raise a special interest because of their abundance, relatively low cost
production and lightweight when compared to other carbon allotropes [247].

In this section, we report on the experimental attempt to avoid degradation issues related to the low
thermal conductivity of polymer composites by substituting the previous SU-8 epoxy for a commercial
graphite-based lacquer compound.

4.4.1 Manufacturing Route for Graphite-CFD

Among all the commercial techniques used to deposit graphite for the functionalization of surfaces,
the use of dispersions of colloidal graphite stands out as a simple inexpensive way for making
non-metallic bodies electrically conductive [248]. Therefore, a commercial graphite spray lacquer
GRAPHIT 33 was chosen to attempt the graphite deposition on the HTS material. This spray solution
consists of fine flakes of graphite suspended in an alcohol isopropyl and hydrocarbons, C3-4-rich,
petroleum distillate. Besides the commercial convenience, the water-free solution of the spray helps
minimize the surface degradation attributed to a chemical reaction with water vapor (subsection
1.5.3)[71].

Ideally, like the SU-8 CFD, the graphite CFD layer should be deposited after oxygenating the HTS
material, but before the silver deposition and annealing. However, according to the GRAPHIT 33
datasheet the maximum temperature of the graphite film before decomposition ranges from 250 to
300 °C. The reason for this range limit is found in the TGA-thermogram [249] shown in Figure 4.20. In
the range of 250 to 400 °C, the C=H, C-H and C-O bonds of the polymeric binder suffers a thermal
decomposition leading to a loss 18% by weight with a peak degradation rate at 330 °C.
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Figure 4.20: TGA—thermogram and derivative thermogravimetric plot profile of a typical dried Graphit 33 sample. This figure
was taken from [249] with permission.

This temperature limitation would not allow the annealing of a silver coating layer without risk
compromising the graphite film. Furthermore, possible reactivity in the interface HTS/graphite would
also have to be considered for temperatures above 300 °C. Fortunately, the moderate electrical
conductivity of the graphite film allows electroplating copper or nickel to the layer, thus simplifying
the shunt coating after CFD incorporation.

The suggested manufacturing workflow for the graphite CFD is shown in Figure 4.21. The
manufacturing steps start with a commercial silver coated HTS tape as template. First, the tape is silver
etched in the middle section to expose the HTS layer and leave silver strips along the edges.
Afterwards, with the help of a mask, the colloidal graphite is sprayed on top of the exposed HTS at
room temperature. Subsequently the fresh graphite ink layer is cured in a furnace at 100 °C for 1 hour
in ambient atmosphere to decompose the organic binder of the lacquer. At last, a 1 um thick layer of
copper (or nickel) is deposited, preferably via electroplating, to give the tape its final metallic shunt
coating. Apart from allowing electroplating, the graphite layer protects the HTS material from harmful
copper diffusion [72].
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Figure 4.21: Experimental workflow for implementing the graphite-CFD architecture in the 2G HTS CC architecture.

4.4.2 Testing Graphite Compatibility with GdBCO

In the literature of REBCO synthesis, the presence of carbon is referred to as a contaminant residue
that accumulates in the grain boundaries of the REBCO films and creates current percolation issues
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[250]. In addition, there is also the possibility of carbon interstitial incorporation in adjacent cites of
the CuO2 planes, leading to a reduction of critical temperature and current density. However, recent
studies have reported significant enhancements in mechanical properties [251] and maximum J,
values [252] for YBCO samples doped with Carbon Nano Tubes (CNTs) in a solid-state reaction route.
With such a wide range of outcomes, the effect of the graphite on the superconducting properties of
the HTS layer was evaluated utilizing the same Hall scan technique discussed in subsection 4.2.1.

8, [T

25
y [mm]

Figure 4.22: On the left, 30x12 mm GdBCO THEVA tape sample half spray-coated with graphite. On the right, lateral view of
the trapped magnetic field B ,(x,y) taken with SHPM at 77 K.

Looking at the longitudinal view of B, in Figure 4.22, we observe that spray-coating the GdBCO with
colloidal graphite after silver etching yielded an average of 3 mT decrease in B,. This amplitude drop
represents a GdBCO layer degradation of almost 300 nm and consequently a 10% reduction of the
original I.. According to the SEM images, the morphology of the final graphite film covering the HTS
material consists of overlapped graphite platelets connected together in a coplanar manner.
Moreover, TEM measurements of the Graphit 33 ink performed by the Institute for Polymers
Composites and Biomaterials (IPCB-CNR) show that the platelets are hundreds of nanometers large
[249]. Consequently, since the platelets are considerably bigger than any pore or grain boundary in
the GdBCO, itis very unlikely that the 3 mT drop in magnetization observed in the Hall-scan was caused
by current percolation issues related to carbon contamination. It is more reasonable to assume a
similar effect of that of using silver paint for HTS bonding [72]; the organic carrier used in compounding
of the ink wicks in along pores and grain boundaries, thus degrading the bulk properties.

g

o -

Figure 4.23: Electron microscopy images of a deposited film of Graphit 33. (a) SEM image of the surface of the graphite film
after curing it for 1 hour at 100 °C. (b) TEM image of one single platelet of graphite dissolved in the Graphit 33 ink. Figure (b)
was taken from [249] with permission.

107



First Materials for the CFD Architecture

4.4.3 DC Limitation Tests with Graphite-CFD

One long graphite-CFD sample of 12 cm was prepared at ICMAB using commercial HTS tape from reel
FG-ICMAB-001 (Appendix Figure D-2) and sent to FASTGRID partners in EPM for the evaluation of the
NZPV and the DC limitation. The precise NZPV value could not be obtained using the technique
described in subsection 3.4.3 due to an issue with the array of voltage probes on the surface of the
sample after the DC limitation tests. The copper shunt making the electric contact with the probes
pealed underneath the probes after quench. Relevant details of this issue will be discussed in the next
subsection. Consequently, the NZPV had to be inferred qualitatively using the DC limitation setup and
analyzing the global and local electric field evolution across the sample in hot-spot regime with the

voltage probes array shown in Appendix Figure C-2.

The results for the limitation test of the graphite-CFD sample (I,~500 A in Appendix Figure D-2) with
a uniform THEVA tape sample (I.~1000 A) are compared in Figure 4.24. For both samples the
amplitude of voltage pulse was chosen in order to reproduce the hot-spot time with fault current close
to the sample’s I.. In both graphs of Figure 4.24, the current (red dashed line) decreased and the
electric field (solid blue line) rose after t = 4 ms indicating the formation of a normal zone. For the
uniform tape in Figure 4.24(a), the gradual linear increase of the electric field corresponds to the slow
propagation of the normal zone increasing the resistance and limiting the current. The fact that the
electric field value did not stabilize by the end of the fault confirms that the 12 cm sample was not
fully quenched after the pulse. Oppositely, for the graphite-CFD tape in Figure 4.24(b), the current
sharply decreased when the normal zone was created, the electric field rose and stayed rather

constant for the rest of the fault thus indicating a fast NZPV.
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Figure 4.24: Current and Electric Field time evolution for a uniform tape (a) and a graphite-CFD tape (b) during current
limitation in hot-spot regime. Results in partnership with EPM.

Figure 4.25 reveals that the initial quench started at the current contacts instead of the NdFeB region
(ai37-ai38) on both sides of the tape, most likely due to joule heating, and spread out through the
whole length. Considering 10 V/m as the quench criteria and the electrical field evolution from both
sides, one could safely affirm that the NZPV is above 500 cm/s for a current of 425 A which with
matches the experimental and theoretical predictions shown in Figure 3.38.
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Figure 4.25: Local Electric Field (solid lines) and Current (dashed red line) evolution across the length of a graphite-CFD tape
for a DC limitation test of 4 ms in hot-spot regime. (a) Voltage probes on the left side of the tape; (b) Voltage probes on the
right side of the tape.

No degradation of the initial I, was observed after the limitation tests in hot-spot regime and the NZPV
boost could be confirmed for the graphite-CFD architecture. Yet, no further tests were performed,
neither in the clear-fault regime nor in NZPV conditions (constant current) due to the pealing process
of the copper/graphite shunt.

4.4.4 AC Limitation Tests with Graphite-CFD

In addition to the DC limitation tests, AC limitation tests at 77 K were also performed in collaboration
with FASTGRID partners in Université Grenoble Alpes for one graphite-CFD sample. A total of 21 AC
tests with 50 ms duration were performed: 20 tests with a low prospective current fault using
30 Vims/m for evaluating the robustness in hot-spot regime, and one test at 60 V,s/m for assessing
the clear fault condition. In Figure 4.26, the result for the 20™ limitation test illustrates the
non-destructive limitation behavior in the hot-spot regime. The prospective fault current at 30 Vims/m
is close to the critical current (I.~500 A) of the tape, resulting in a quench half cycle after the fault.
No reduction of the quench current was observed between the 20 consecutive tests, thus suggesting
no substantial critical current degradation.
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Figure 4.26: Graphite-CFD test in AC Limitation at 30 V,my/m for 50 ms fault duration in the hot-spot regime.

The slow-motion video recordings of the tape during the AC limitation at 30 Vims/m confirmed the full
guench propagation across the sample in less than 100 us, giving enough margin to assume a NZPV
above 500 m/s at 500 A rms. Figure 4.27 shows two different moments of the film boiling formation
during the quench propagation. At frame t = 21.32 ms, the center and the edges of the tape quench
simultaneously creating an “H” shape boiling that matches the expected current distribution of the
CFD (subsection 3.4.6). In less than 60 ps, at t = 21.38 ms, the film boiling covers the 56 mm space
between the voltage taps. In the final clear fault test at 60 V.ms/m, no electrical signs of degradation
were observed during the fault. However, the tape suffered localized peeling of the copper/graphite

shunt and the test sequence was interrupted. The reasons and consequences for the pealing are
discussed in the following section.

Liqp = 56 mm

t=21.32ms

t=21.83ms

Figure 4.27: Picture of the film boiling formation at the beginning of the quench of the 15t AC limitation test on a 12-cm-long
graphite-CFD sample with a copper shunt. The “H” shape of the film boiling indicates the presence of the CFD effect.
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4.4.5 Post Current Limitation Evaluation

By visually analyzing the tape’s surface during the slow-motion quench footage of each AC limitation
test, we could identify a gradual delamination of the graphite/copper layers happening between tests.
The actual shunt loss/pealing exposing the GABCO only became visual after the clear fault test (Figure
4.28(b)). The delamination took place mainly in the regions where the heat amassing was expected:
in the middle of the tape where the NdFeB magnet (Figure 4.28(c)) was positioned, at both ends close
to the current contacts, and at both voltage taps Figure 4.28(d).

Figure 4.28: (a) CFD-graphite tape on the AC limitation test setup. The sample is inside a transparent cryostat with liquid
nitrogen. (b) CFD-graphite tape on the SHPM Al holder after the AC limitation tests. (c) copper pealing in the tape central part
where the Neodymium magnet was positioned. (d) copper pealing in the voltage tap and in a region under the current contact.

Possible degradation due to the pealing of the copper shunt was evaluated by analyzing the B,
distribution at 77 K using ICMAB’s Hall scan set-up. Figure 4.29 indicates that even after major pealing
of the copper, the graphite-CFD tape presented no critical current degradation. This result reinforces
the previous assumption that the CFD concept by itself increases substantially the robustness of the
tape during any quench condition.
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Figure 4.29: Top view of the B,(x,y) the trapped field component of 120x12 mm CFD-graphite tape after 21 consecutive AC
limitation tests.

A SEM-FIB cross-section cut of a none-delaminated region on the graphite-CFD is shown in Figure 4.30.
Looking at Figure 4.30(a), we notice that the spray of colloidal graphite left a highly porous layer of
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10 um of graphite on top of the GdBCO. Since no I, degradation was observed after the limitation
tests, it was assumed that the porosity had no critical effect on the desired thermal conductivity of
the layer. However, Figure 4.30(b) reveals that the porosity is also present in the interface with the
GdBCO, thus leading to a poor contact interface. This poor adherence interface was likely the cause
of delamination happening during the quench.

Graphite

Figure 4.30: (a) Secondary Electron (SE) SEM-FIB cross-section image of the Ag/Graphite/GdBCO/MgO layers. (b) Backscatter
Electrons (BSE) SEM-FIB of the interfaces Graphite/GdBCO/MgO.
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5 The Yttria-CFD Route

In the standard 2G HTS CC fabrication processes, the oxygenation of the REBCO layer and the silver
annealing after the stabilizer/shunt evaporation, are performed in a single oxygen annealing
treatment reaching temperatures above 500 °C as shown in subsection 3.1.4. Due to this fabrication
aspect, from a conservative manufacturer point of view, it becomes highly attractive to create the
high resistive interface of the CFD prior to the annealing /oxygenation of the REBCO layer. However,
due to the silver diffusion into the REBCO material for temperatures above 400 °C (subsection 1.5.3),
any attempt to form a high resistive interface leaving pure silver in direct contact with the REBCO
would fail. With these restrictions in mind, the best scenario would be adding an extra layer in
between the silver and the REBCO capable of blocking silver diffusion during the annealing and at the
same time having minimum effect on the oxygen incorporation process of the REBCO film.

This chapter reports on the experimental attempts of reaching a scalable CFD architecture using a
chemical solution deposition (CSD) approach that has been previously used to prepare high quality
functional thin films [173,216,253]. These experiments were conducted in parallel with the
experiments of chapter 4 in order to maximize the chances of success during the FASTGRID project.
The CSD of yttria (Y,0s) nanolayers were experimentally tested in collaboration with FASTGRID
partners at Oxolutia for two different stages (two routes) in the classic CC manufacturing sequence of,
namely before and after the oxygenation process of the REBCO layer.

5.1 15t Manufacturing Route for Yttria-CFD

In order to confirm the possibility of using yttria to create the CFD pattern, bare THEVA tapes
consisting of GdBCO/MgO/Hastelloy were used as template. These tape samples in this first
fabrication route were neither oxygenated nor silver coated prior to the yttria’s deposition. The
sequence of experimental steps needed for the yttria-CFD incorporation are illustrated in Figure 5.1.

B ReBa,Cu,0, B Hastelloy I Yitria (High Interfacial resistance)
0 mgo Silver (Ag) [ Low interfacial resistance
Bare HTS CC
without Silver 2. Silver 3. Oxygen
GdBa,Cu;0, 1. Yttria CSD Coating Annealing  GdBa,Cu,0,

— KN E3 EJ

Figure 5.1: Sequence of experimental steps for the first Yttria-CFD route: The yttria is deposited directly on to the GdBCO layer
via CSD prior to any oxygen annealing process, i.e post-oxygenation.

In the 1% step, 85-90% of the tape’s width (12 mm) is coated with a Y ink and pyrolyzed to create an
amorphous yttria layer [216]. This process was either accomplished by the company Oxolutia via ink
jet printing in the case of long length sample (>1 m) or at ICMAB’s laboratory via spin-coating for small
samples (<15 cm). In the 2" step, the tape is silver coated with (500-1000 nm). Finally, in the 3™ step,
the tape is annealed in oxygen atmosphere to load the necessary oxygen content into the GbBCO layer
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and create the orthorhombic superconducting structure. Figure 5.2 illustrates the whole process
showing a 50x12 mm tape sample after the sequence of experiments described in Figure 5.1.

Figure 5.2: (a) Bare GdBCO tape (GdBCO/MgO/Hastelloy) after being ink jet printed with yttria; (b) Yttria-CFD GdBCO tape
(Ag/Y,03/GdBCO/MgO/Hastelloy) after being silver coated by magnetron sputtering; (c) Yttria-CFD GdBCO tape after silver
annealing in oxygen atmosphere.

Undoped yttrium oxide/yttria (Y.0s) is a well-known p-type conductor in high oxygen partial pressure
environment like air [254,255]. The self-diffusion of the oxygen ion is orders of magnitude bigger than
the yttrium cation diffusion and it increases with increasing oxygen partial pressure with the exponent
of approximately 1/6 [254]. Still, according to the initial studies of M.F. Berard [255], in contrast to the
yttrium cation diffusion, the oxygen self-diffusion in the single crystal is not enhanced by grain
boundaries with large grains (> 10 um); the presence of a few grain boundaries only enhanced the
diffusion of slower species, but not the diffusion of the faster species. However, more recent studies
for the case of solid electrolytes for solid oxide fuel cells (SOFC) [256] have shown that nanocrystalline
microstructures (< 150 nm) exhibit higher ionic conductivity than a microcrystalline one [257]. The
higher amorphous phase content in the nanocrystalline material due to the amorphous structure
intergranular boundaries leads to easier diffusion of 0% ions [258,259]. Therefore, it was expected
that the amorphous yttria layer, partially-crystalline by the post oxygenation process (subsection
3.1.4), would retain similar or better oxygen diffusion properties to that of the known polycrystalline
structure.

Initial assumptions about the oxygenation time were made with the experimental data from Y. Ikuma
et al. [260] for polycrystalline yttriain 0.066 bar of PO, for the temperature range of 300-600 °C (Figure
5.3). The yttria oxygen lattice diffusion D; , (orange dashed line) is consistently 2 orders of magnitude
slower than the YBCO'’s diffusion in the c-axis D, (black dashed line) thus, even with a thin 100 nm
thick yttria layer covering the film GdBCO, according to equation (1.15) the saturation time for the
oxygen to cross the yttria barrier would take 39 hours at a constant temperature of 450 °C. However,
this assumption neglects two factors: the D, increase due to the PO; increase (1 bar) in the
oxygenation process of the GdBCO; and the near-surface oxygen diffusion D, of 1-4 orders of
magnitude faster than the lattice D, , in the same 300-600 °C range [261]. Assuming, these additional
effects could lead to an effective yttria diffusion Dy, o, = D, (cm?/s), if the yttria-CFD layer were to be
maintained at ~100 nm, oxygen could surpass the yttria barrier in a viable time (< 12 h) to allow the
oxygenation of the GdBCO film.
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Figure 5.3: Arrhenius plot of chemical diffusion coefficients of oxygen in YBCO and polycrystalline Y,03 from different authors:
oxygen tracer study from S. J. Rothman (blue triangles); oxygen tracer study from S. I. Bredikhin (black squares); oxygen tracer
study from S. Tsukui (red circles); oxygen tracer study from Y. Ikuma (solid green line and dashed orange line); The oxygen
diffusion in silver (crossed black hexagons) is also plotted from R. A. Outlaw data for comparison. The light grey area delimits
the bulk oxygen diffusion of a generic oriented YBCO film.

5.1.1 The Yttria Thickness

A batch of 1-meter of Yttria-CFD tape, was prepared at a printing speed of 13 m/h, and heat-treated
at 300 °C for 10 min in air in Oxolutia’s facility. Figure 5.4(a) show the SEM-FIB cross-section image of
a GdBCO tape deposited with amorphous yttria confirming the absence of porosity in the final 400 nm
thick layer. Figure 5.4(b) shows a microscopic top view section of the edge of the yttria layer on top of
the GdBCO. The microscopic analysis revealed that the variation of the width of the yttria layer were
approximately 1% (100 um).

Figure 5.4: (a) FIB-SEM image of THEVA deposited with yttria via ink jet printing; (b) Optical image of top-section of a bare
THEVA tape deposited with yttria using ink jet printing.
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Multiple 5x12 mm sample pieces were cut from the 1-meter batch Y>03/GdBCO/MgQO/Hastelloy tape
in order to test THEVA's standard temperature profile for the oxygen annealing in the presence of
400 nm of JP-yttria. The 5x12 mm samples were sputtered with ~400 nm of silver and subsequently
annealed in 1 bar of 0.6 L/min oxygen flow with THEVA’s temperature profile (section 3.1.4). The
evaluation of the oxygenation process was conducted by performing a Scanning Hall Probe Microscopy
(SHPM) measurement at 77 K.
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Figure 5.5: Scanning Hall Probe Microscopy (SHPM or Hall-scan) for a 5x12 mm tape sample from THEVA deposited with
400 nm of yttria-CFD via IJP. The sample was deposited with 500 nm of silver via sputtering and oxygen annealed with
THEVA’s temperature profile.

As exemplified in Figure 5.5, all 5x12 mm samples deposited with a 400 nm thick amorphous
yttria-CFD presented an absence of the expected trapped field B, along the middle section of the
width (y-axis) after oxygen annealing with THEVA’s temperature profile. This B, pattern indicated a
complete absence of the superconducting properties along the region coated with the yttria. In order
to assure that the loss of properties was not strictly related to the degradation of the GdBCO due to
reactivity during the pyrolysis of the Y-ink, another 1-meter batch of IJP yttria-CFD with ~220 nm thick
yttria was produced following the same procedure previously described.
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Figure 5.6: Scanning Hall Probe Microscopy (SHPM or Hall-scan) for a 5x12 mm tape sample from THEVA deposited with
~220 nm of yttria-CFD via IJP and 500 nm silver via sputtering after oxygen annealing with THEVA’s temperature profile.

All 5x12 mm samples deposited with a ~220 nm thick yttria-CFD layer presented considerably higher
values of B, and better homogeneity across the film after the oxygen annealing (Figure 5.6(a)) when
compared to the previous ~400 nm thick yttria samples (Figure 5.5(a)). This observation indicated that
the yttria thickness was indeed the major barrier for oxygen incorporation during the annealing
process. However, as illustrated in Figure 5.6(b), an absence of field B, along the edges of the
deposited IJP-yttria layer still indicated a strong loss of the superconducting properties along the yttria
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edges. SEM images, taken along the cross-section of a 5x5 mm sample piece of the batch with
~220 nm IJP-yttria without silver, revealed a significant increase of the yttria thickness near the edges
(Figure 5.7(b)) of layer when compared to the central part of the tape (Figure 5.7(a)).
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Figure 5.7: SEM cross-section images of the width of a tape sample (GdBCO/MgO/Hastelloy) ink jet printed with yttria.
(a) Center of the yttria layer shows a thickness of ~220 nm. (b) Edge of the yttria layer shows thickness of ~550 nm.

This preliminary attempt to incorporate the CFD architecture with amorphous nanolayers of yttria
revealed that a thin amorphous yttria thickness bellow 220 nm was crucial when trying to oxygenate
the bilayer Y,03/GdBCO layer with THEVA’s temperature profile. Maintaining a homogenous lJP-yttria
thickness across the tape’s width was not a trivial task and became an indispensable technical
challenge that required some dedicated investigation in partnership with the company Oxolutia S.L.

5.1.2 The Halo Effect

The excessive thickness along the edges of the final Ink Jet Printed yttria layer (Figure 5.8(a)) is anissue
also known as the “Halo” effect in the flexographic printing industry [262]. The halo effect is commonly
recognized when the ink extends beyond the edges of printed areas on the substrate, creating a halo-
like outline (Figure 5.8(b)).

(b)

Figure 5.8: (a) Halo effect of ink jet printing the Y ink along the edges of the CFD layer. (b) The halo effect of flexographic

“yn

printing the letter “e” with an excess of ink.

The two main causes for the formation of Halos in flexo printing are irregular ink pressure during
printing and/or excess of transferred ink. Flexographic is a pressure-sensitive process, too much
pressure from the printing cylinder onto your substrate will push the ink into places it doesn’t belong.
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On the other hand, too little pressure could lead to other issues, such as “skip out” [263]. However,
in IJP the ink is simply deposited on to the substrate via droplets coming from a moving nozzle. The
ink should not experience any significant change in pressure during deposition, thus narrowing down
the issue to an ink excess.
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Figure 5.9: New printing configuration (right side) which permits decreasing the lip’s thickness and this way, improve the
superconducting properties of the CFD system.

To achieve a continuous yttria layer, enough ink must be used to wet completely the GdBCO substrate,
but still it can be too much to create a homogenous deposition. This issue usually requires an
optimization of the substrate’s surface energy or the ink’s viscosity/surface tension. Nonetheless, for
practical purposes, Oxolutia decreased the film thickness on the edges by alternating the working
nozzles of the print head hovering the edges of layer during IJP (Figure 5.9). By deactivating every
second nozzle in the printing head during deposition, the excessive thickness along the edges could
be diminished without compromising the layer continuity.

The effectiveness of the technique was confirmed by applying the up-graded deposition to a new
1-meter of bare GdBCO tape. Figure 5.10 shows the microscopic characterization of a 5x12 mm sample
cut from the 1-meter batch and the improvement in the homogeneity of the yttria outline is evident
when comparing Figure 5.4(a) and Figure 5.10(b). In Figure 5.10(b), the slight shift in color from the
blueish center to a reddish outline still indicates a small variation in thickness of 100 nm
approximately. This assumption was later confirmed by analyzing the sample in cross-sectional SEM
(Figure 5.11).

Figure 5.10: (a) Magnified image of top-section of a THEVA tape deposited with yttria using ink jet printing; (b) Microscopic
image of the yttria layer outline after upgrading the ink jet printing on THEVA tape.
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Figure 5.11: (a) SEM cross-sectional view of sample from Figure 5.10: (a) on the edge of the yttria layer; (b) on the center of
the yttria layer.

After achieving an yttria layer with a thickness variation of less than 100 nm across the width, THEVA’s
annealing temperature profile was re-tested for samples of 30x12 mm and 50x12 mm cut from the
1-meter batch. Once again, samples were sputtered with 500 nm of silver and annealed in an oxygen
flow of 0.6 L/min with THEVA’s temperature profile. Figure 5.12 shows the SHPM field B, at 77 K for
a 50x12 mm sample with no degradation in the field distribution. Moreover, the sample presents a
maximum field of 40 mT approximately with a variation of less than 5% indicating a high homogeneity
of the superconducting properties.
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Figure 5.12: Perpendicular trapped field B, measured by SHPM of one Yttria-CFD sample with yttria thickness varying between
100-200 nm. Sample was oxygenated with two THEVA temperature cycles in a flow of oxygen of 0.3 L/min.

By solving the inverse Biot-Savart problem described in section 3.3.1 for Figure 5.12 we obtained a
map of the current density distribution inside the sample (Figure 5.13). It is interesting to point out
how the current density on both ends of the tape reduces to half of the values found in the middle
section. This phenomenon comes from the GdBCO inclined deposition method utilized by THEVA. In
Figure 5.13 the c-axis of the GdbCO crystal has a 30 ° inclination with respect the Hastelloy substrate
[55,56], thus creating an anisotropic distribution of current density between the x and the y-axis in
[264].
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Figure 5.13: Current density distribution ], calculated from the B, map shown in Figure 5.12.

Integrating the current densities along the y-axis in Figure 5.13 we could estimate the overall current
flowing inside the tape to be 532 A. Correcting this value for a 20% decay in B, field due to magnetic
relaxation after the field cooling, the critical current should be close to 638 A. Table 5-1 shows the
critical current estimated from Hall mapping for Yttria-CFD tapes from two batches of Yttria-CFD
samples, namely SDP-FG-87 and SDP-FG-92.

Table 5-1: Critical current of Yttria-CFD samples after THEVA’s oxygenation profile.

Batch number Sample Size [mm] ~I . [A]
87 #3 30x12 632
87 #4 50x12 636
87 #5 50x12 628
87 #6 50x12 590
93 #1 30x12 601
93 #2 30x12 604
93 #3 30x12 640

5.1.3 Temperature Gradients & Long Samples

In the previous section, we have shown the experimental IJP conditions for a successful incorporation
of the yttria layer in small samples (< 5 cm) of THEVA tape. Nevertheless, in order to test CFD samples
in electrical transport measurements (subsection 3.4), a minimum length of 10 cm was required to
avoid problems in the current contacts. The major challenge while scaling up the production of
Yttria-CFD samples from 5 cm to 10 cm is well illustrated by the field distribution B, along the length
of the tape in Figure 5.14. For all samples with length above 7 cm and an yttria thickness below
300 nm, a consistent inhomogeneous B, field pattern similar to Figure 5.14 was observed after oxygen
annealing with THEVA’s temperature profile (Figure 3.3). This was an indication that the GdBCO was
loading oxygen at different rates on certain regions during the heat treatment inside the furnace.
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Figure 5.14: Perpendicular trapped field B, measured by SHPM of a 100 x 12 mm THEVA tape sample with the Yttria-CFD
structure. Sample was oxygenated with two THEVA temperature cycles in a constant oxygen flow of 0.3 L/min. The dashed
red ellipse indicates a whole half of the tape that is not magnetized due to oxygen deficiency.

Given the recurrent parabolic aspect of the distribution of B, consistently appearing on the sample’s
side closer to the oxygen inlet inside the tube (arrow in Figure 5.14) and knowing that the rate of
oxygen diffusion is a well-known thermal activated process (subsection 1.6.3), the B, inhomogeneity
was related to the presence of temperature gradients linked to a fast oxygen flow inside the small
10 cm isothermal region of the static furnace. This assumption was strengthened by performing
simulations in COMSOL using the Conjugated Heat Transfer module in a steady state analysis. The
10 cm tape sample was simulated inside a 1 m long quartz tube of 22 mm diameter, with oxygen flux
ranging from 0.01 to 0.9 L/min and the tube’s outside wall middle region at a constant 575 °C. Figure
5.15 highlights the simulation main results by showing how the temperature distribution inside the
quartz tube is distorted as the gas flow increases. At 0.3 L/min the 10 cm sample inside the tube can
end up experiencing gradients bigger than 30 °C along its length.
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Figure 5.15: COMSOL simulation of the temperature distribution inside ICMAB’s tubular furnace for different values of oxygen
flow. Line W indicates the position along the outside wall of the quartz tube inside the furnace. Line C indicates the position
along the axial line of the quartz tube.

The effect of the simulated temperature gradients was confirmed by an experiment to verify the direct
influence of the oxygen flux on the final superconducting properties. A diagram of the experiment
setup for the oxygen flow control is illustrated in Figure 5.16. The HTS tape sample is positioned inside
a 1 m quartz tube and the tube is inserted in a 30 cm long tubular furnace with a 15 cm isotherm
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region. Both Inlet and Outlet of the quartz tube are connected together by a second PTFE tube with
small Sunon fans inside and a valve added to the Outlet of the quartz tube. By initially purging the air
inside the system with pure oxygen in the Inlet and closing the outlet valve afterwards, the gas flow is
controlled by the propeller fans to achieve values ranging from 0.03 to 0.9 L/min. This set up was
implemented to avoid oxygen wasted for high gas flow values during long annealing times.

Recirculating tube . Proﬂpellerr_f‘gﬁs 7 /OFF
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Figure 5.16: Experimental diagram for a high oxygen flux control during oxygen annealing of Yttria-CFD tapes.

Figure 5.17 shows the SHPM measurements of the trapped field B, for an yttria-CFD sample annealed
four times with the same temperature profile, but under different values of oxygen flow. This 15 cm
tape piece, was cut from a lJP batch deposited with ~200 nm of yttria and coated with 1 um of silver
previous to the annealing experiments. The temperature profile used for the results shown in Figure
5.17 (a), (b) and (c) was: 10 °C/min to 500 °C, 5 hours dwell at 500 °C and 10 °C/min to room
temperature. Comparing the B,(x,y) maps of (a), (b) and (c), it becomes clear that as the flux
diminishes from 0.9 to 0.1 L/min the intensity and homogeneity of the trapped field B, improved
considerably across width and length of the sample. However, this correlation was only seen across
the CFD region coated with yttria. The yttria-free edges of the sample did not present any significant
change in B, with the change in the flux.

In the final result shown in Figure 5.17(d) the minimum flux of 0.1 L/min was maintained and the
temperature dwell was increased from 500 to 600 °C. Once again, we observe an improvement of B,
across the length (y-axis). Moreover, we also notice an expected maximum field drop from 15 mT to
10 mT due to a lower oxygen equilibrium stoichiometry at higher temperatures.
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Figure 5.17: Perpendicular trapped field B, maps done by SHPM at 77 K for a 150 x 12 mm Yttria-CFD sample with 200 nm of
ytrria. (a) B, map after 15t oxygen annealing at 500 °C in a unidirectional oxygen flow of 0.9 L/min. (b) B, map after a 2"
oxygen annealing at 500 °C in a unidirectional oxygen flow of 0.6 L/min. (c) B, map after a 3" oxygen annealing at 500 °C in

a unidirectional oxygen flow of 0.1 L/min. (d) B, (x,y) map after a 4t" oxygen annealing at 600 °C in a unidirectional oxygen
flow of 0.1 L/min.

The effect of a minimum flow of oxygen was investigated with a second Yttria-CFD sample of
150 x 12 mm. This sample was annealed with THEVA’s temperature profile and the minimum available
flux of 0.03 L/min. Performing a SHPM afterwards for the B, map at 77 K (Figure 5.18 (a)) confirmed
the critical influence of even small temperature gradients on the final homogeneity of the
superconducting properties along the tape’s length (y-axis).

The inevitable temperature gradient coming from the conditions of the experimental setup had to be
countered to create practical long samples for transport tests. This was accomplished by implementing
a second annealing process maintaining the same 0.03 L/min flux, but reverting the flow direction.
The homogeneity improvement of the B, distribution after the 2™ annealing is shown in Figure
5.18(b).

123



The Yttria-CFD Route

B,[mT] %

0 20 40 60 80 100 120 140 160 180
y [mm]

Figure 5.18: Perpendicular trapped field B, measured by SHPM at 77 K for a 150 x 12 mm Yttria-CFD sample. (a) B, map after

1t oxygen annealing using THEVA’s temperature profile in a unidirectional oxygen flow of 0.03 L/min. (b) B, map after a 2"
oxygen annealing using THEVA’s profile and reversing the oxygen flow (0.03 L/min) direction.

The effectiveness of the bidirectional flux of oxygen during the annealing in the final amplitude and
homogeneity of B, was reassured by re-annealing the sample shown in Figure 5.14 with the same
0.3 L/min flux, but reversing the flow direction. The B, distribution after the second annealing process
is shown in Figure 5.19. This sample was sent to KIT for Fluoresce Thermal imaging measurements and
the results are discussed in following subsection 5.2.1.
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Figure 5.19: Scanning Hall Probe Microscopy (SHPM) measurements for 110 x 12 mm Yttria-CFD sample. Sample was
oxygenated with two THEVA temperature cycles in a flow of oxygen of 0.3 L/min. (a) Perpendicular trapped field B,
distribution in mT. (b) Critical current density distribution ] in MA/cm? calculated from the B, distribution.
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5.1.4 Improving the Oxygen Annealing Profile for Yttria-CFD Tapes

Even performing the oxygen annealing twice with bidirectional oxygen flux to prevent temperature
gradients, in Oxolutia’s facility the reproducibility of the SHPM results seen in the previous section was
less than 10%. The majority of the Yttria-CFD samples presented a clear deficiency of oxygen content
in the region covered by the IJP-yttria as shown in by the SHPM of Figure 5.20 (yellow dashed
rectangle). For the majority of samples, the magnetization signal of B, was only seen along the edge
of the tape not covered with the yttria ink. These results strongly suggest that the main path for the
oxygen happens in the z-axis direction perpendicular to the CC’s surface through the exposed grain
boundaries of the oriented GdBCO film. This assumption is completely coherent with the fact that
even though D,;, > D,, if one would consider a pure oxygen bulk diffusion starting from both yttria-
free edges of the tape, the saturation time for the oxygen to travel 5 mm across the width with D, =
10 m?/s at 500 °C would still be in the order of 10* hours. The oxygen gas must have access to the
grain boundaries in the surface of the GdBCO to complete the oxygen loading throughout the ~3 um
thickness in a reasonable time period.
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Figure 5.20: Perpendicular trapped field B, measured by SHPM for Yttria-CFD sample of 100 x 12 mm and 1 um of silver.
Sample was oxygenated with two THEVA temperature cycles and a 0.03 L/min oxygen flow. The yellow dashed rectangle
indicates the region of the tape covered with the yttria layer.

In order to overcome the presence of yttria blocking the 0% ions from accessing the grain boundaries
on the GdBCO surface, a new temperature profile was empirically conceived. In this new profile, the
asymmetry of saturation times for in- and out-diffusion in the GdBCO film - as discussed in section
3.3.2 - was considered as way to try to pump oxygen in a thermal cycle. The incorporation was
assumed to be purely thermal driven by bulk diffusion and excorporation to be a surface limited
reaction with 7°% > 1. The main idea behind this profile was to speed up the oxygen bulk diffusion
by going to a high temperature (> 600 °C) and assume that once the oxygen index reaches a value
above 6~0.5, higher indexes should be possible to achieve by stabilizing the temperature for longer
periods at a lower temperature value (< 500 °C). These processes are then repeated reversing the
direction of the oxygen flow and expecting that the low out-diffusion would maintain a positive net
value for oxygen loading. With this behavior in mind, a new temperature treatment called High-Low
profile was formulated as shown in Figure 5.21.
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Figure 5.21: High-Low temperature profile. This High-Low sequence consists of two cycles of two temperature dwells, one at
650 °C other at 475 °C.

The effects of oxygenating with the High-Low sequence are seen by comparing the B, distribution
before (Figure 5.20) and after (Figure 5.22) the treatment. The improvement in field homogeneity and
amplitude along the tape’s length and width is evident. After several successful re-oxygenation
attempts on long (> 10 cm) CFD samples, this temperature profile was applied for fabricating 15 cm
CFD samples. All samples oxygenated with this High-Low sequence presented a homogenous B,
distribution with I, variations less than 10%.
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Figure 5.22: Perpendicular trapped field B, measured at 77 K by SHPM for the sample shown in Figure 5.20 after the sample
was re-oxygenated with the 650 °C/475 °C High-Low sequence using 0.03 L/min of bidirectional oxygen flow.

5.2 NZPV Measurements for Yttria-CFD

This section presents and discusses the NPZV experiments performed on long (> 10 cm) yttria-CFD
samples treated with THEVA’s and the High-Low temperature profile. Samples were measured via
Fluorescence Thermal Imaging at Karlsruhe Institute of Technology (KIT) and by FASTGRID partners at
Ecole Polytechnique Montréal (EPM) using the NZPV system described in subsection 3.4.3.

5.2.1 Fluorescence Thermal Imaging

The Yttria-CFD sample shown in Figure 5.19 was sent to partners in KIT for the evaluation of the NZPV
via Fluorescent Thermal Imaging described in section 3.4.4. The sample was coated with EUTFC, heat
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treated at 175 °C for 30 minutes in air and mounted onto the sample holder shown in Figure 5.23. One
pair of voltage taps was positioned onto the tape’s surface with 56 mm spacing in between and
another pair of voltage taps (probes) was attached to the current contacts to monitor possible issues
with the contact resistance at the current contacts. A summary of all the 12 tests performed is shown
in Table 5-2.
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Figure 5.23: Yttria-CFD tape sample mounted onto the sample holder of the Fluorescent Thermal Imaging system of KIT.

The 1% measurable quench happened in test 4 with a current pulse of 650 A. This level of quench
current infers a critical current I, in the same range of the calculated I, using the J.(x,y) distribution
map calculated with the Hall map of Figure 5.19(b).

Table 5-2: Summary of all electric measurements performed in the Fluoresce Thermal Imaging system for a Yttria-CFD sample.
All the current pulses were applied for a 10 ms duration and a rise and fall time of less than 0.5 ms.

# Pulse [A] Evaluation Saved Observation
frames

1-3 50-500 No quench 2500 No high voltage detected at the current contacts.

4 650 Quench 7500 Huge voltage spike saturating the 1V range of
the AD converter.

5-8 550-640 No quench 2500 No reduction of I, (no damage of sample).
9 650 Quench 2500 Quench over a small area, not as big as #1.

10 650 Quench 2500 Quench over a small area. Currentis increased
and AD converter’s set to range 5 V.

11 680 Quench 8000 Voltage exceeded the maximum 5V limit.

12 640 No quench 2500 No damage of sample
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Looking at the electric measurements of test 4 in Figure 5.24(a), we observe a sharp voltage increase
at t = 35.5 ms saturating the 1 V range of the A/D converter (flat-peak signal of blue curve). At the
same time, the current (red dashed line) dropped sharply down to 300 A until the end of the pulse,
thus indicating that the current source was driven into voltage-limitation. Usually, voltage-limitation
in this system is caused by the presence of a high resistance in the path of the current that can come
from the HTS CC normal state or an open-circuit. The case of an open circuit would imply the rupture
of the sample, but the absence of a voltage signal in the subsequent tests 5 to 8 ruled out the

occurrence of degradation.

The second and 3™ quenches in tests 9 and 10 occurred at the same current level of 650 A, thus
confirming the integrity of the average I.. However, these quenches only propagated in a small area
around the magnetic defect (< 1 cm); therefore, no data was acquired for a reliable analysis of the
NZPV. Only at test 11, with an applied pulse of 680 A, a significant quench propagation could be
recorded in slow-motion and analyzed to estimate the NZPV.

Looking at electrical behavior of test 11 in Figure 5.24(b), once again the current source operated
under current-limitation at 10V. In this situation, comparing Figure 5.24(b) with the limitation
behavior of the classic EPM-CFD in Figure 4.24(b) initially suggests the presence of the CFD.
Nonetheless, the CFD behavior could not be confirmed due to the saturation of the A/D converter at
5 V. Afterwards, test 12 was conducted with a pulse of 640 A and no quench was detected as expected

from a non-degraded sample.
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Figure 5.24: (a) Electrical signal for the quench event during test 4 at 650 A pulse. (b) Electrical signal for the quench event
during test 11 at 680 A pulse.

In Figure 5.25 we analyze the raw footage and thermal image side by side for three moments during
test 11. At 16.40 ms the tape start presenting signs of film boiling, but no quench takes place. At
t=17.00 ms a round normal zone is formed in the region of the magnetic defect and, immediately
after, both sides of the tape also start quenching in the same region. As the quench propagates across
the length, the distinction between normal zone in the center and edges becomes less noticeable. At
t =21.00 ms the normal zone front takes the whole middle cross-section of the tape and the quench
propagation stops due to the 10 V limitation of the current source. Since the applied current of 680 A
was not held constant during the normal zone propagation, the NZPV could not be precisely evaluated.
Table 5-3 shows how the drop in the current during the test slowed down the NZPV. In addition, from
the temperature distribution at t = 17.00 ms, we can notice how the thermal front along the yttria-
free edges propagates as far as the front in the center of the sample. This behavior points out to a

uniform current diversion to the silver across the cross-section of the tape.
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Figure 5.25: Thermal and raw frames for three different moments during the quench propagation during test 11.
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Table 5-3: NZPV data from test 11, 680 A. The relative time for the quench start is ~16.4-16.6 ms.

Absolute Relative Distance [mm] NZPV [m/s] Current [A]
Time [ms] Time [ms]
34.7 0.4 3 7.5 650
35.7 1.4 5 3.57 370
38.1 3.8 7 1.84 260

In conclusion, from the electrical behavior analysis (Figure 5.24) and the images from the slow-motion
video (Figure 5.25) of the thermal front, no significant NZPV boost could be confirmed for the yttria-
CFD sample. The uniform temperature distribution suggested the absence of the expected current
crowding, thus indicating a partial failure in the insulation of the CFD yttria.

5.2.2 NZPV Measurements

Following the inconclusive results given by the fluorescence thermal imaging measurements taken for
an yttria-CFD sample annealed with THEVA’s and ICMAB’s High-Low temperature profile, another
yttria-CFD sample was produced at ICMAB and tested by FASTGRID partners at EPM. The NZPV
experiments were conducted with the transport system described in section 3.4.3 where higher
pulsed currents could be sustained for longer dwell times.

The NZPV at 77 K versus the applied current data are shown in Figure 5.26. Comparing the NZPV
obtained for the yttria-CFD with the uniform architecture from THEVA, the same NZPV is obtained.
These NZPV measurements at EPM confirmed the absence of the CFD effect for the yttria-CFD tapes
following the 1°* manufacturing route (Figure 5.1).
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Figure 5.26: Comparison of NZPV versus Current for 15t route of Yttria-CFD in comparison with other architectures: Uniform
tape and classic CFD from EPM.

5.3 Instability of the Yttria Layer

The absence of the CFD behavior on the first Yttria-CFD samples indicated that the IJP yttria layer was
not efficiently creating a high interfacial resistance between the silver and the GdBCO. In an effort to
find the origins of the undesired low interfacial resistance, yttria-CFD samples were analyzed with
TEM-EDS, in-situ ECR measurements, X-ray diffraction, AFM and SEM/EDX.

5.3.1 Amorphous Yttria Before & After Oxygenation

In this subsection, we discuss the cross-section analysis of two yttria-CFD samples via TEM/EDS. These
two samples should represent the tape in the last two stages of the yttria incorporation: before and
after oxygen annealing with the High-Low temperature profile (Figure 5.21). First sample (#1), was ink
jet printed with yttria, pyrolyzed at 450 °C and silver coated, but not oxygenated (Figure 5.27). The
second sample (sample #2 in Figure 5.29), was ink jet printed with yttria, also pyrolyzed at 450 °C,
silver coated and annealed in 1 bar of oxygen atmosphere with the High-Low temperature profile
(Figure 5.21).

Figure 5.27 shows the TEM cross-section of sample #1 where nine points across the layers
GdBCO/Y,03/Ag were analyzed by EDS (Figure 5.28). Inside the GdBCO layer, points eds1, eds2 and
eds3, presented an expected rich distribution of Gd, Ba, Cu and O and were here used as base line for
comparison with the other points. In the vicinity of the GdBCO/Y,0s interface, point eds4 and eds5
revealed a 100-200 nm region in the GBCO layer still rich in Gd and Cu, but generally depleted in Ba.
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This same barium deficient phase was seen in eds5 A with a small diffusion of Y into the GdBCO layer
that is confirmed in the eds6 analysis for the yttria layer where we clearly see the Y peak at 2 keV.
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Figure 5.27: TEM cross-section analysis of an Yttria-CFD sample before the oxygenation process. (a) Overall cross-section view
of the layers Ag/Y>03/GdBCO/MgO. (b) EDS points in the Ag/Y.03/GdBCO layers responsible for the CFD.

Furthermore, point eds6 revealed the same counts of Gd, Ba and Cu in the amorphous yttria. An
explanation for this element distribution is the diffusion of Gd, Ba and Cu towards the Y,03 layer during
the pyrolysis step of the yttria ink. Yet, no silver was found in the eds6 for the Y,0s; layer, neither in
the GbBCO layer. Silver is only present in the spectra of points eds7, eds8 and eds9 as expected. This
first analysis of an Yttria-CFD sample before oxygen annealing confirms the presence of an yttria
barrier layer, acting as an interfacial impedance between the silver coating and the GdBCO film.
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Figure 5.28: EDS spectra for 9 points across the Ag/Y.03/GdBCO layers before the oxygen annealing (sample #1).

Figure 5.29 shows the TEM cross-section of sample #2 revealing that the yttria layer is no longer dense
and well-defined between the silver and the GdBCO. The EDS spectra for the eight points across the
Ag/Y,03/GdBCO layers is shown in Figure 5.30. As observed in the GdBCO film of sample #1, points
edsl, eds2 and eds3 presented an expected rich distribution of Gd, Ba, Cu and O, meanwhile, in the
region close to the yttria interface, points eds4 and eds5 reveals the same distribution with a barium
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deficiency. The differences between sample #1 and #2 starts at point eds4 where a small trace of Y
was spotted close to the Y,03/GdBCO interface together with some Ag. In the “yttria layer region”,
point eds5 also shows traces of Ag, but interestingly almost neither Y nor Gd was found.

FG-117(2)_10kx_2_index

edsl

Figure 5.29: TEM cross-section analysis of a Yttria-CFD sample after the oxygenation process. (a) Overall cross-section view
of the layers Ag/Y>03/GdBCO/MgO. (b) EDS points in the Ag/Y.03/GdBCO layers responsible for the CFD.
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Figure 5.30: EDX spectra for 8 points across the Ag/Y>03/GdBCO layers after the oxygen annealing (sample #2).

This TEM result revealed a silver diffusion mechanism from the tape’s metallic shunt through the Y,0;

all the way to the GdBCO during the oxygenation/annealing process. A preliminary conclusion would

be that the yttria layer is not stable during the oxygen annealing, allowing a substantial amount of

silver to diffuse and thus creating a low interfacial resistance with the GdBCO layer, which destroys
the CFD effect.
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5.3.2 Evaluating the Yttria-CFD Insulation via ECR Measurements

The previous TEM images revealed a clear structural instability of the yttria layer during the thermal
treatment required for the oxygen loading of the GdBCO film. The change in morphology allowed silver
to cross the yttria barrier and compromised the high interfacial resistance HTS/silver needed for the
CFD effect. However, the exact temperature for this phenomenon to occur was unknown. Samples
oxygenated with the High-Low temperature profile were exposed to a maximum of 650 °C. If the
amorphous IJP yttria were stable for temperatures below 650 °C, oxygenation after silver sputtering
could still be accomplished in a practical timeframe by simply creating a new temperature profile at
low temperatures. In order to identify the temperature range where silver breaches through the yttria
insulation, a simple ECR experiment was assembled.

As a reference sample, a 12x12 mm piece of bare GdBCO tape was assembled in the ERC
measurements setup and exposed to a sequence of 5 temperature dwells as shown by the solid red
line of Figure 5.31. The objective of this experiment was to track the resistance of the sample going
up and down in temperature dwells (from 400 - 600 °C and down to 400 °C) to assure the reversibility
of the GABCO resistive state for a constant 1 bar of oxygen pressure. Looking at the black curve of
Figure 5.31, we confirm that the final resistance values at 400 and 500 °C, before and after the 600 °C
dwell are the same.
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Figure 5.31: ECR In-situ resistance measurements for GdBCO reference samples (no Ag and no Yttria) during oxygen annealing
at different temperature dwells.

For the actual insulation test, a 12x12 mm sample piece was cut from 1-meter batch of pyrolyzed
IJP-yttria tape without silver coating. The sample was then mounted onto the in-situ resistance
measurements setup with four silver wires bonded to the sample’s surface in a specific pattern as
shown in Figure 5.32: One voltage contact (V-) and one current contact (I-) were positioned on top of
the GdBCO; the other two contacts, V+ and |+ were positioned on top of the yttria layer. Due to the
yttria’s high resistance path in the way of the current, this configuration should measure high
resistance values (> 100 kQ), unless the silver pad made with Ag-ink at the end of the silver wires
diffuses through the yttria insulation in a thermal driven effect during the annealing. After mounting
the wires, the sample was annealed in an atmosphere of 1 bar of oxygen with the temperature profile
depicted by the red line in Figure 5.33.
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Figure 5.32: Yttria-CFD sample of 12x12 mm bonded with four silver wires for ECR measurements.

At room temperature, the yttria insulates with a resistance above 100 kQ. However, the resistance
drops sharply two orders of magnitude as temperature increases to the first 400 °C dwell.
Nonetheless, the actual critical drop in resistance only happens after the 500 °C dwell. The resistance
drops below 100 Q and continuously decays until the 600 °C dwell. Once the temperature stabilizes at
600 °C the resistance also stabilizes, indicating a connection with the GdBCO layer. This conclusion is
reinforced by comparing the resistance during the 600 °C dwells, before and after the 650 °C dwell.
The resistance, in both 600 °C dwells, stabilizes at the same values indicating oxygen loading saturation
of the GdBCO. After the 650 °C dwell, the remaining temperature dwells represent the resistance
readings coming purely from the GABCO. The silver is completely “short-circuited” through the yttria
layer with the GdBCO.
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Figure 5.33: ECR In-situ resistance measurements of the amorphous yttria layer on top of a 12x12 mm GdBCO/MgQO/Hastelloy
tape sample during oxygen annealing at different temperature dwells.

SEM images of the yttria surface before (Figure 5.34(a)) and after (Figure 5.34(b)) being exposed to
the temperature profile shown Figure 5.33 confirms the yttria’s morphology change from a dense
amorphous phase to a discontinuous sparse crystalline structure.
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Figure 5.34: (a) Dense amorphous yttria layer on top of the GABCO after pyrolysis at 450 °C. (b) Spare crystalline formation
on top of the GABCO substrate after ECR in-situ resistance measurements reaching 600 °C.

An X-ray diffraction analysis of the sample after the heat treatment shown in Figure 5.33 (red curve)
confirms the formation of crystalline body-centered cubic yttrium oxide on top of the GdBCO layer.
In Figure 5.35, we find the crystalline epitaxial phases (003), (004), (005), (006) and (007) for the
GdBCO structure plus an inclined MgO (200) epitaxial phase [265]. The characteristic peaks (111) and
(200) of the y-phase nickel alloy (Hastelloy) with face-centered cubic (fcc) crystal structure from the
substrate were clearly detected [266]. As mentioned before, the presence of polycrystalline yttria was
confirmed by the (400) and (222) peaks at 26= 29.15° and 33.8° respectively (JCPDS card number 41-
1105). This result is in accordance with a previous SUMAN study [267] where the onset crystallization
of yttrium acetate was observed to take place between 520 - 550 °C being nearly completed at 580 °C.
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Figure 5.35: X-ray diffraction pattern taken with GADDS using Cu-aK radiation for a Yttria-CFD sample without silver coating
after being annealed in oxygen atmosphere. (a) GADDS XRD pattern; (b) integrated 6- 26 XRD pattern of the film.

Based on the ERC in-situ resistance measurements and the XRD spectra, it was concluded that the IJP
yttria layer is unable to electrically insulate the silver after its phase transition from amorphous to
crystalline. In order to maintain the continuity of the yttria in the amorphous phase during
oxygenation, a practical upper limit temperature of 500 °C was stipulated.
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5.3.3 Saturation Times for GABCO Covered with Yttria

The compromise of the Yttria-CFD layer during oxygenation at temperatures above 500 °C created the
need for a new temperature profile capable of oxygenating the GABCO layer and annealing the silver
without jeopardizing the high interfacial resistance Ag/Y>03/GdBCO. Still, previous preliminary
oxygenation attempts on yttria-CFD tapes (subsection 5.1.1) had shown that the yttria’s presence
could significantly change the final oxygen content by slowing down the diffusion process if the
thickness was kept thick (= 400 nm). In an effort to verify the possibility of oxygenating the GdABCO
with IJP-yttria under 500 °C, the oxygen saturation times at different temperatures were taken via ECR
in in-situ resistance measurements following the same procedures described in section 3.3.2 for a
12x12 mm sample with IJP yttria-CFD. The result was then compared to the bare GdBCO sample
(without silver and without CFD). Figure 5.36 shows the disposition of the silver wires on the surface
of the sample ink jet printed with 115 nm of yttria and pyrolyzed at 450 °C (no silver coating added).

Figure 5.36: (a) 12x12 mm yttria-CFD sample mounted onto the ECR set-up without silver coating.

In Figure 5.37, we see the time constant T dependence with the temperature for the in- and out-
diffusion process for two samples: the bare GdBCO control sample and a GdBCO sample with 115 nm
of yttria. In both samples, the time to equilibrate the sample’s resistance increases exponentially with
decreasing temperature, as expected for a thermally activated process. For the bare GdBCO sample
the effective time constant Té?f goes from 0.01 to 2 hours in the temperature range of 350 °C to
500 °C and in the case of the GABCO with 115 nm of yttria, it increases from 0.2 to 8 hours in the same
temperature range. Therefore, we observe an increase of one order of magnitude in Té’}f due to the

addition of 115 nm of an amorphous yttria layer.

136



The Yttria-CFD Route

10 1 1 L 1 1 100 1 1 L 1 1 Il Il L
H - A 1,,°" Bare GABCO (No Y,0,)

H . @ 1,° GdBCO + 115 nm Y,0,
o, ! = > GdBCO + 115 nm Y,0,
14 3 3 LN —m— 1, GdBCO + 115 nm Y,0, |

0.1 4 ~ b L

s
(=]

1
7

-
1

-0- 1,4" Bare GAdBCO (No Y,0,)| =~ -
—e—1,/" GdBCO + 115 nm Y,0, ©
< 1," GdBCO + 115 nm Y,0, _ S L
= " GdBCO + 115 nm Y,0, b

0.01 4

Saturation time t™ (hour)
r
G-
Saturation time t“! (hour)

o
-
1

0.001

T T T T T T T T T T T T T T T T T T
340 360 380 400 420 440 460 480 500 520 340 360 380 400 420 440 460 480 500 520
Temperature (°C) Temperature (°C)

Figure 5.37: (a) Comparative analysis of saturation times for 115 nm yttria-CFD sample and a bare sample in oxidising
enviroment; (b) Temperature dependence of t for reducing (out) atmosphere.

Considering the overall loading time to reach the equilibrium concentration of oxygen in the film
teq = 4 X 7, it would be expected a minimum time of 36 hours for an optimum GdBCO doping at
350 °C in the presence of 115 nm of yttria. This requirement, although initially unattractive from an
industrial point of view, seems to indicate a feasible time for in-diffusion of oxygen in the yttria-CFD
structure. However, when we evaluate these oxygenation times in long samples (> 10 cm), small
variations (< 100 nm) in the yttria thickness seem to have a great impact in the homogeneity of the
oxygen loading. The effect of these variations on the final oxygen content of the GdBCO after the
oxygen annealing is better visualized with the SHPM map of Figure 5.38. A 110x12 mm tape sample
was cut from the same [JP-yttria-CFD batch used in the ECR study, sputtered with 1 um of silver and
subsequent annealed in 1 bar of oxygen atmosphere at 450 °C for 10 hours with a ramp up of
10 °C/min and a cool down ramp of 1.5 °C/min. According to the saturation time curves of Figure 5.37,
10 hours at 450 °C should be more than enough for the GdBCO to reach oxygen equilibrium
throughout the full length of the sample with a yttria coating of 115 nm. However, the final B,
distribution reveals a clear inhomogeneity of the superconducting properties across the width of the
tape (x-axis). In addition, the effect of using a unidirectional oxygen flux of 0.03 L/min was once more
seen in the B, distribution across the length (y-axis) in Figure 5.38.
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Figure 5.38: Perpendicular trapped field B, measured by SHPM at 77 K for a 110 x 12 mm GdBCO tape sample coated with
115 nm thick Yttria-CFD and 1 um thick silver shunt/stabilizer. Sample was oxygenated in a tubular furnace at 450 °C for 10
hours with a low unidirectional oxygen flow of 0.03 L/min.
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The interference of the amorphous yttria layer in the oxygen loading was reassured by re-annealing
the sample shown in Figure 5.38 with the High-Low temperature profile from subsection 5.1.4 in a
bidirectional oxygen flow (subsection 5.1.3). Figure 5.39 shows the B, distribution after the second
annealing treatment revealing a substantial improvement of the B, amplitude and homogeneity. After
this test, it became clear that the positive effect of annealing at high temperatures (> 500 °C) was
linked to the yttria layer coarsening during the crystallization thus creating a path for silver diffusion
and oxygen in-diffusion.
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Figure 5.39: Perpendicular trapped field B, measured by Scanning Hall Probe Microscopy (SHPM or Hall-scan) at 77 K for a
110 x 12 mm GdBCO tape sample coated with 115 nm thick Yttria-CFD and 1 um thick silver shunt/stabilizer. Sample from
Figure 5.38 was re-oxygenated in with the High-Low temperature profile with a low bidirectional oxygen flow of 0.03 L/min.
One can notice a misalignment of the sample’s width (x-axis) in the range 10 to 40 mm along the y-axis. This distortion in the
position of the sample was caused by a small change in the position of the sample during the Hall-scan.

In another oxygenation attempt, a 110x12 mm sample deposited with 91 nm of yttria, was annealed
for 48 h at 450 °C in 1 bar of oxygen atmosphere. By considerably extending the annealing time and
decreasing the yttria thickness we achieved a better continuous distribution of B, along the length
(y-axis) as shown in the SHPM map of Figure 5.40. Still, the homogeneity of this specific sample along
the width (x-axis) was unsatisfactory for performing transport current tests.
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Figure 5.40: Perpendicular trapped field B, measured by SHPM for a 110 x 12 mm tape sample coated with 91 nm Yttria-CFD
and 1 um silver. Sample was oxygenated in a tubular furnace at 450 °C for 48 hours with a low oxygen flow of 0.03 L/min.

Among many temperature profiles attempts to homogeneously load oxygen across long (> 10 cm)
length Yttria-CFD samples while maintaining the yttria in the dense amorphous phase, only one
temperature profile gave satisfactory results. The result is shown in Figure 5.41. The sample was cut
from a GdBCO tape batch deposited with an average 136 nm of yttria and sputtered with 1 um of
silver. Afterwards, the sample was annealed for 48 hours at 500 °Cin 1 bar of oxygen atmosphere with
a 10 °C/min ramp up and a cool down ramp to room temperature of 3 days. The oxygen flux was set
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to 0.03 L/min flux with a change in flux direction after every 24 h. Due to an excessive amount of time
needed in this process, only one specimen was produced.
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Figure 5.41: Perpendicular trapped field B, measured by Scanning Hall Probe Microscopy (SHPM or Hall-scan) for a
95 x 12 mm GdBCO tape sample coated with 136 nm of Yttria-CFD and 1 um silver. The sample was oxygenated in a tubular
furnace at 500 °C for 48 hours and cooled down to room temperature in 5 days in 1 bar of low oxygen flow of 0.01 L/min.

5.4 CFD with Stable Amorphous Yttria

In the previous section, a new annealing temperature profile was developed to avoid the
crystallization of the yttria layer during the oxygenation of the GdBCO film. Utilizing this new process,
a 10 cm Yttria-CFD tape was conceived with an acceptable level of current density distribution for
transport current tests (Figure 5.41). In this section, we show the NZPV measurements performed at
ICMAB for this sample and the evaluation of the GdBCO film after the tests.

5.4.1 NZPV Measurements of Stable Yttria-CFD

Figure 5.42 shows the sample from Figure 5.41 mounted onto the sample holder described in
subsection 3.4.1, without the current contacts. To collect the electrical and thermal information during
the tests, the sample was mounted with 7 thermocouples and one pair of voltage taps spaced 4.7 cm
in between. Before cooling the system with liquid nitrogen, the |-V curve of the sample at room
temperature was taken to verify the tape’s resistance at room temperature.
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Figure 5.42: Yttria-CFD sample onto ICMAB’s sample holder for transport current tests. Sample was mounted with 1 pair of
voltage taps and 7 thermocouples for quench monitoring.
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After verifying the room temperature resistance at 5.2 mQ/cm, the system was cooled with liquid
nitrogen and the I-V curve for the sample was measured in transport current to determine the I, in
self-field (Figure 5.43). The curve was taken by applying current pulses of 30 ms duration. Utilizing the
Power Law and considering the critical electric field 1 um/cm, the natural I, was estimated at 389 A
with a n-value of 24.3.
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Figure 5.43: Sample |-V curve for the extraction of the critical current.

Once the tape’s initial I, was determined as reference, a NdFeB magnet was positioned on the center
of the of tape to lower the I, locally and create the condition for the hot-spot regime. The artificial I,
value in the presence of the magnet was not directly measured, but inferred with current pulses of
30 ms with lower amplitudes. Since no quench was detected up until 360 A an artificial I, drop
between 360 and 389 A was assumed. The sample quenched during the last current pulse witha 370 A
amplitude. The global voltage and the temperature values during the quench are shown in Figure
5.44(a) and Figure 5.44(b) respectively.
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Figure 5.44: Analysis of a quench in hot-spot regime with constant current of 370 A and 30 ms dwell for a Yttria-CFD tape
sample of 95 x 12 mm.(a) Global Electric field (V/m), Current (A) and Power density (W/m) signals for sample during the
current pulse. (b) Thermocouple readings for the sample current pulse.

In Figure 5.44(a), an analysis of the evolution of the electric field (blue curve) across the 4.7 cm voltage
taps indicates an absence of the CFD effect. The current pulse (black curve) starts at t=3 ms, stabilizes
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in 370 A at t=7 ms and drops down to zero at t=35 ms. The beginning of the quench is considered to
take place when the sample’s electric field reaches 10 V/m at t=15 ms. The field “slowly” increases in
a ramp reaching a maximum of 89 V/m in the end of the current pulse at t=35 ms. This profile of
electricfield isthe same observed in THEVA tapes with uniform low interfacial resistance as mentioned
in subsection 4.4.3; it indicates a slow propagation of the normal zone once the hot-spot region is
created.

Figure 5.44(b) reinforces the initial conclusion taken from Figure 5.44(a) by showing the temperature
evolution of the thermocouples across the tape’s length. Only thermocouples T3, T4 and T5 showed
significant temperature increase for the NZPV analysis. T4 was positioned in the middle of the sample
together with the magnet. Naturally, T4 probe had the sharpest temperature rise surpassing 300 K at
t=25 ms and reached the critical temperature of 92 K at t=12 ms. After 300 K, the T4 probe physically
detached from the sample and readings were lost. The two adjacent probes T3 and T5, reached 92 K
at t=26.5 ms and 29 ms respectively, never surpassing 250 K. Taking the average NZPV from T4 to T3
and T4 to T5 we find an overall NZPV of 25 cm/s at 370 A. Looking back at Figure 3.38, this NZPV value
is in the same range of a tape with uniform low interfacial resistance.

5.4.2 Analysis of Post-Mortem Yttria-CFD Sample

After the first NZPV test, the I. of the sample studied in the previous subsection dropped to zero
indicating a full local degradation of the superconducting properties. The degraded zone in center of
the tape was easily spotted by performing a Hall-scan at 77 K to analyze the B, map of the sample as
shown in Figure 5.45.
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Figure 5.45: Perpendicular trapped field B, measured at by Scanning Hall Probe Microscopy (SHPM or Hall-scan) at 77 K for
the Yttria-CFD sample shown in Figure 5.42 after one DC current pulse of 360 A for 30 ms.

This local degradation can be better explained if we correct the electric field for a voltage distribution
just in the quenched region of 10 mm between T3 and T5. Integrating the power density curve (blue
curve) in Figure 5.44(a) and multiplying by the length 4.7 cm, indicates a total heat dissipation of
15.42 Joules. Considering the thermal capacity ¢, (J/em3-K) of the THEVA tape in Appendix A and
10 mm of the quenched region in an adiabatic process, this would imply a AT of more than 1000 °C.
This AT calculation although not precise, is easily translated to the damage visually observed onto the
silver layer and the degradation seen with the Hall-scan located in the middle of the tape. Given the
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slow NZPV value found for this sample and the total energy dissipated during the quench, this was an
expected damage.

In order to identify the source of the low interfacial resistance slowing the NZPV, the CFD interface
was analyzed with SEM-FIB imaging for a cross-sectional cut of 5x1 um onto the sample. Figure 5.46(a)
shows the secondary electron image of the Ag/Y,0s/GdBCO layers indicating the presence of a
compact yttria layer separating the silver and the GdBCO. In the backscattered image of Figure 5.46
(b), we can notice small variations on the yttria’s thickness along the 5 um cut, but no significant
diffusion of silver to the GdBCO could be confirmed from these images. In this scenario, the only
plausible path for the silver to short-circuit through the yttria would be the conductive GdBCO
outgrowth peaks discussed in chapter 4. Still, theoretically, if this were the case, a minor increase in
the NZPV should have been observed.
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Figure 5.46: SEM-FIB cross section image of Yttria-CFD region on sample from Figure 5.45. (a) Secondary Electrons (SE) image;
(b) Backscattered Electrons (BSE) image.

5.4.3 AFM of the Stable Yttria Layer

Following the results of the previous subsection surrounding the unknown origins of the silver
short-circuit, we recall here the ERC measurements shown in Figure 5.33. As discussed previously, the
sharp drop in resistance after 500 °C indicates how the yttria ceases to insulate due to coursing during
crystallization. Nevertheless, in the same 2-hour dwell at 500 °C it is also noticeable that the resistance
dropped from 1000 Q to 70 Q indicating the formation of an electrical path through the amorphous
phase. Considering such decay rate of resistance, the 48 hours annealing at 500 °C for the sample
shown in Figure 5.41 probably led to a direct contact of silver with the GdBCO. However, if this
electrical path existed solely due to the presence of outgrowth peaks, the interfacial resistance should
have stayed in the 107> Q-cm? range and the sample would have shown a small detectable increase
in the NZPV (subsection 5.4.1). The presence of the peaks does not fully explain the absence of a high
interfacial resistance leading to a slow NZPV in the presence of a solid amorphous yttria layer.

In order to confirm the presence of a second electrical path for the silver, a 6x12 mm sample piece of
Y,03/GdBCO/MgO/Hastelloy tape was especially prepared for c-AFM measurements. The sample was
taken from a IJP yttria-CFD batch deposited with ~200 nm of yttria. One 50 nm thick silver pad was
sputtered on to the yttria region covering approximately 50% of the yttria’s surface (Figure 5.47). After
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sputtering, two droplets of Ag-ink were added to the yttria-free edges of the GdBCO layer. The sample
was then annealed for 5 hours at 500 °C in 1 bar of oxygen atmosphere allowing the silver to diffuse
and wet the surface of the yttria. Finally, the sample was mounted onto a conductive metallic disc for
c-AFM measurements as shown in Figure 5.47. To complete the c-AFM circuit for the conductive AFM
tip, the two silver droplets on the exposed GdBCO edges were used to ground the sample to the
metallic disc using silver wires.

Tape Cross section ——

I GdBa,Cu;0,; I C-AFM support NS Hastalloy C-276
MgO Buffer layer Ag Shunt N o

Figure 5.47: Schematic drawing of the conductive Atomic Force Microscopy (c-AFM) preparation of a small 5x12 mm Yttria-
CFD tape sample partially coated with 50 nm of Ag. The yttria-free edges of the GdBCO film were ground to the metallic disc
to transport the current.

Figure 5.48(a) shows the topography for a 5x5 um scan on top of the sputtered silver pad and Figure
5.48(b) shows the conductivity readings for the same scan for a bias voltage of 1.2 V. The bright zones
in Figure 5.48(b) correspond to areas with high conductivity and the dark zones with low conductivity.
It is noticeable how the analyzed area is dominated with high conductivity zones that reach values up
to 400 pA, almost 5 orders of magnitude higher than the dark zones. Moreover, when overlapping the
conductivity and topography maps, we find a correspondence between elevated zones and low
conductivity zones. These seem to be same regions where silver is less visible after the annealing. In
addition, given that the conductivity distribution of Figure 5.48(b) does not match the expected
topography for the GABCO peaks, this result strongly suggests that the peaks are not the only electrical
path contributing to the low interfacial resistance in the yttria-CFD. One assumption would be the
presence of a subtle inter-layer diffusion of silver happening through the amorphous vyttria. This
diffusion, although significant to the CFD interface, was undetectable to the FIB cross-section analysis
shown in the previous section.

Understanding all the nuances of the silver diffusion mechanism on top of the yttria layer was a study
out of the scope of this thesis. From a practical point of view, the slow NZPV value and the c-AFM
results directly lead to another crucial temperature constraint in the fabrication process of the CFD:
Inthe presence of a silver layer, the amorphous yttria is unable to maintain a high interfacial resistance
after being oxygen annealed at 500 °C due to silver diffusion.
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Figure 5.48: Conductive Atomic force microscopy (c-AFM) measurements for a small 5x12 mm Yttria-CFD sample partially
coated with 50 nm of Ag. (a) Topography image of the 5x5 um scan; (b) conductivity reading for the 5x5 um scan.

5.5 Second Yttria-CFD Manufacturing Route

The aforementioned 500 °C restriction in the temperature profile of the oxygen annealing completely
hinders the possibility of loading oxygen in the HTS layer in the presence of a thin yttria layer. As seen
in subsection 5.3.3, annealing below 500 °C would imply impractical saturation times for the
in-diffusion of oxygen. Therefore, the deposition of yttria was relocated in the steps of the standard
2G HTS CC manufacturing process to complete the CFD architecture.

This section reports on the experiments revolving a 2" Yttria-CFD route where the HTS layer is
oxygenated previously to the IJP yttria deposition. The suggested manufacturing process for this
second pre-oxygenation route is shown in Figure 5.49.

B ReBa,Cu,0, Il Hastelloy I VYttria (High Interfacial resistance )
1 Mgo i . ' .
Oxygenated HTS g Silver (Ag) [ Low interfacial resistance
without Silver
1. Yttria UP 2. Silver 3. Silver Oxygen
ReBa,Cu,0, - Thra Coating Annealing

— B B3 K4

Figure 5.49: Second manufacturing workflow route for Yttria-CFD incorporation into 2G HTS CC. Step 1: Yttria Ink Jet Printing
or spin coating onto the ReBCO layer. Step 2: Silver coating (sputtering or evaporation) to form the shunt layer. Step 3: Silver
annealing in oxygen atmosphere to create the low contact resistance along the edges of the tape.
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5.5.1 2" Yttria-CFD Route Impact on the Final /.

The second Yttria route, although simpler, creates new technical considerations for the thermal
treatments used in the manufacturing steps. For instance, since the tape is oxygenated previously to
the yttria IJP deposition, the pyrolysis temperature of the Y-ink has to be reconsidered to avoid the
risk of significantly reducing the oxygen content in the REBCO film. This risk was evaluated by using
the Hall-scan to compare the B, distribution, before and after yttria deposition, for three 12x50 mm
samples pyrolyzed and silver annealed at different temperatures: 350 °C, 400 °C and 450 °C. All
samples were THEVA bare tapes consisting of GdBCO/MgO/Hastelloy oxygenated without silver at
ICMAB. In Figure 5.50, we show an example of the comparative B, analysis before (a) and after (b) for
the sample with yttria pyrolyzed at 400 °C for 3 hours. After pyrolysis, the average field (and I.)
dropped more than 50%, and amplitude variations (inhomogeneity) increased to 15%. The pyrolysis
results for all samples are shown in Table 5-4. As the pyrolysis temperature increases ,we observe not
only a considerable drop in magnetization, but also an increase in the inhomogeneity along the length.
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Figure 5.50: Longitudinal B, distribution comparison of a 12x50 mm GdBCO THEVA tape, before (a) and after (b) spin-coating
deposition of yttria with pyrolysis at 400 °C. Sample Before yttria was oxygenated without silver coating.

Looking at Figure 5.50 and the result columns “after pyrolysis” in Table 5-4, we can reach the
premature conclusion that incorporating the yttria layer would create a tape with half of the initial
critical current. In these conditions it becomes hard to advocate for the benefits of having a boosted
NZPV given that half the original critical current would double the cost of an HTS CC used in an SFCL.
However, in all samples, the subsequent silver deposition and oxygen annealing after pyrolysis
significantly increased the magnetization values and reduced their inhomogeneity. This result can be
seen in the last two columns (“after annealing”) of Table 5-4. The gains in the average magnetization
after silver annealing seem to be more substantial for the temperatures 350 °C and 400 °C. In Figure
5.51, we show the highest magnetization recovery happening for the sample pyrolyzed and annealed
at 400 °C for 3 hours.
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Figure 5.51: Longitudinal B, distribution comparison of a 12x50 mm GdBCO THEVA tape, before (a) and after (b) silver
sputtering and oxygen annealing at 400 °C. The sample was coated with 300 nm of silver before the oxygen annealing.

Obviously, annealing at higher temperatures reduces the oxygen content of the GdBCO crystal.
Nevertheless, since pyrolysis and annealing were both executed with the same temperature profile,
seeing the increase in magnetization after silver annealing illustrates how the silver plays a vital role
in the oxygen in-diffusion of the HTS layer. We here speculate that the portion of diffused silver during
annealing accelerates the in-diffusion of oxygen by creating conductive channels through the
amorphous yttria.

Table 5-4: B, distribution comparison of a three 12x50 mm GdBCO THEVA tape samples before and after yttria ink pyrolysis
and silver annealing at three different temperatures: 350 °C, 400 °C and 450 °C. All samples were coated with 300 nm of
silver before the oxygen annealing.

Virgin sample without  Pyrolysis & After Yttria-CFD After Yttria-CFD, Ag
Ag (before pyrolysis) Annealing pyrolysis sputtering and
oxygen annealing

Avg. Field I. [A] [°C] Avg. Field I, [A] Avg. Field I, [A]
[mT] [mT] [mT]

41.2+19 505%29 350 19+33 242+ 49 30+23 371+23

42.1+25 517+35 400 20+ 38 249+ 53 32+21 392+29

41.8+27 513+37 450 21+58 245+ 79 29+35 360 + 49

Certainly, further reducing the pyrolysis/annealing temperature could help achieve a better I,
performance by securing the initial oxygen content of the GdBCO. However, processing the yttria
below 350 °C could lead to an incomplete decomposition of the organic compound in the ink during
pyrolysis. Furthermore, in the case of the silver annealing, it could lead to insufficient low values of
interfacial resistance on the yttria-free edges of the tape. Therefore, we safely set the
pyrolysis/annealing temperature at 400 °C expecting a 20% reduction in the original critical current.
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5.5.2 CTL Measurements for 2" Route of Yttria-CFD

To confirm the CFD effectiveness of the amorphous yttria thermally treated at 400 °C, the CTL of the
sample shown in Figure 5.51 was measured by FASTGRID partners at EPM following the procedures
described in section 3.4.2. The experimental data and the 2D potential distribution fit are shown in
Figure 5.52(a). A straightforward look at the potential distribution across the width (y-axis) for
different planes along the length in Figure 5.52(b) reveals the parabolic voltage distribution
characteristic of the CFD architecture. Utilizing the fitting process described in [234], the best fitting
for surface potential is found for the parameters shown in Table 5-5.

Table 5-5: Parameters used to fit the CTL experimental data with the semi-analytical model described in section 3.4.2. The
experimental data was taken for a THEVA CC altered with the yttria-CFD architecture.

Parameters Value
w 12 m
Wy 11 mm
d 1um
lo 1 mm
Ry 0.1 Q-cm?
R, 10 pQ-cm?
AV 200 pV

The parameters of Table 5-5 lead to a CTL of A = 3.14 mm, which agrees with the CTL values found
for CFD samples created by EPM [235]. Moreover, this fitting suggests that the interfacial resistance
along the yttria CFD edges is far from the usual value of 10~7 Q-cm? considered for CFD simulations,
but seems to be coherent with the experimental measurements of J. Ekin for Ag/YBCO interfaces [73]
annealed at 400 °C. Applying the formula R; = Ry/(1 — f) from [206], the overall interfacial
resistance R; is estimated to be 10™* Q-cm?. This value, as discussed in [72], is in the limit for
maintaining a practical current contact size for tapes operating in continuous current transport above
500 A. This suggestes the need to anneal the final silver layer at temperatures above 400 °C to further
reduce the interfacial resistance Ag/GdBCO.
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Figure 5.52: CTL measurements for a small 12x50 mm yttria-CFD sample at 77 K. (a) Experimental data and fitted semi
analytical (SA) model for potential distribution on the surface of the sample. (b) Parabolic potential distribution along the
width (y-axis) of the sample.
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These CTL measurements confirmed the presence of the CFD signature behaviorin a small (12x50 mm)
pre-oxygenated Yttria-CFD sample with silver annealed at 400 °C. Since silver diffusion is less intense
at lower temperatures, it is also reasonable to assume that the same CFD behavior would be found
for other samples annealed at 350 °C.

5.5.3 NZPV Measurements for 2" Route of Yttria-CFD

After confirming the presence of the CFD architecture via CTL measurements in the 2™ Yttria-CFD
route, two long Yttria-CFD samples of 12x140 mm were manufactured at ICMAB using the procedure
shown in Figure 5.49 and measured for the NZPV in the experimental setup described in section 3.4.3.
Both samples had the pyrolysis of the Y ink and the oxygen annealing of the silver done at the same
temperature of 400 °C for 1 hour. All NZPV results related to these two samples (#1 and #2) are
portrayed in the graph of Figure 5.53.

The initial NZPV measurements with sample #1 revealed that the standard configuration with the
current contacts covering 1.5 cm of the CC were not enough to avoid quenching the tape underneath
the current leads when applying currents pulses beyond 350 A. Using the same conservative
assumptions of section 2.4.2 for calculating the current contact area, the interfacial resistance for the
350 A scenario is roughly estimated to be slight above 10~° Q-cm? which is in agreement with the
value found in the fitting of the CTL measurements of the previous section 5.5.2. The sample holder
was adapted to increase the size of the current contacts to 2.5 cm and avoid excessive joule heating.
With the assistance of larger current contacts, the first sample #1 presented an I.~ 390 A, and a
consistent 4 - 5x increase in the NZPV in the 230-390 A range (blue squares + solid line) when
compared to the uniform architecture of THEVA.
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Figure 5.53: Comparison of NZPV versus Current for 2" route of Yttria-CFD in comparison with other architectures: Uniform
tape, classic CFD from EPM and 15t Yttria-CFD route.
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In order to avoid the risk of quenching and damaging sample #2 due to the same high interfacial
resistance found in sample #1, sample #2 was re-annealed in EPM’s laboratory at 475 °C in 1 bar of
oxygen atmosphere for 1 hour. This specific temperature was chosen based on the in-situ yttria
insulation measurements shown in subsection 5.3.2 with two objectives in mind: Reduce the
interfacial resistance Ag/GdBCO in the yttria-free edges of the tape, and avoid an excessive silver
diffusion in the yttria-CFD interface. After re-annealing at 475 °C, sample #2 presented no quench
issues with the current contacts and the I. was found to be similar to sample #1 (~ 390 A), but no
increase of the NZPV was observed (crossed green triangles in Figure 5.53). The silver diffusion after
re-annealing at 475 °C was enough to completely bypass the yttria insulation responsible for the CFD
effect.

The effect of silver diffusion in the CFD structure was confirmed by re-annealing sample #1 at 450 °C
for 1 hour in 1bar of oxygen atmosphere and re-measuring the NZPV. In Figure 5.53, the final NZPV
curve after annealing at 450 °C (green triangles) shifted ~20% below the original NZPV curve (blue
squares) indicating some loss of the initial CFD effect. Nevertheless, the final NZPV still remained 3x
higher than the uniform THEVA tape (dark circles) and demonstrated the effectiveness of the second
Yttria-CFD route to significantly boost the NZPV.

Furthermore, re-annealing sample #1 at 450 °C provoked an unexpected increase in the final I, from
390 A to a value beyond 450 A (green triangles). This minor I, enhancement in sample #1 reinforces
once again the role of the silver stabilizer layer acting as a catalytic element for the surface reactions
revolving the oxygen incorporation process of the GdBCO film. The precise I. value could not be
determined because of a premature quench happening once again at the 2.5 cm current contacts for
currents above 450 A. Using again equation (2.2), the new interfacial resistance was estimated to be
close to 107° Q-cm?. This resistance although not ideal would be enough to guarantee the practical
use of the yttria-CFD CC. Nevertheless, as future work a dedicated experiment to verify these
estimated values of interfacial resistance should be conducted.
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6 Sulfide-CFD Route

As mentioned throughout the previous chapters, the most attractive manufacturing route for the CFD
revolves around finding the right technique to add the high interfacial resistance on the HTS material
without affecting other technical aspects of the standard CC manufacturing procedures. From this
point of view, it becomes evident that the best approach is to create the CFD interface on the available
layers of the final 2G HTS commercial tape. However, the task of accessing the Ag/REBCO interface
without having to refabricate the expensive silver stabilizer is, in theory, a very complex procedure.
The known metallic impurities in silver such as Cu, Ni, Sn, In, Cd, Sb and Pb that could react with the
oxygen of the GdBCO in the Ag/GdBCO interface and form a high resistance oxide have a diffusion
coefficient of about 10712 — 10725 cm?/s in the 100 - 500 °C range. Using equation (1.15) from
subsection 1.6.2, one could verify that diffusing these metals through a 1 um thick silver layer would
require months of annealing for temperatures below 300 °C [268]. With this challenge in mind, this
chapter discusses and presents the results for the 4" (and last) CFD manufacturing route, aiming for
the chemical alteration of the silver shunt with a faster impurity diffusion process.

6.1 Classic CFD with Silver Sulfide

In normal pressure and temperature conditions, pure silver does not form any significant amount of
oxide layer on its surface, therefore making it chemically inert to oxidation also under cryogenic
temperatures [269]. However, silver is susceptible to corrosion in the presence of sulfur-containing
gases like hydrogen sulfide, sulfur vapor, sulfur dioxide and others. In this corrosive reaction, silver
sulfide (Ag2S), a black inorganic compound also known as patina or tarnish, is formed.

6.1.1 The Sulfide-CFD Route

Commonly, for silver used in electronics and jewelry, the formation of tarnish is highly undesirable
and usually removed with commercial silver polishes [270]. However, this method removes the sulfide
crystals through abrasion, thus resulting in loss of silver material each time the tarnish layer is
polished. Nevertheless, tarnish can also be removed chemically through a reduction reaction targeting
the sulfur atoms in the Ag;S compound. In this technique, the right temperature and pressure
conditions are chosen, together with a reducing agent (hydrogen gas for instance), to remove the
tarnish by forcing the formation of a third disposable compound containing the sulfur. Theoretically,
in this reduction process no actual silver is lost as residue. Indeed, this technique has been proven to
be extremely effective in recovering ancient historical pieces made of silver due to minimum changes
in the silver morphology [271].

Given the simplicity of the reported techniques used for studying tarnish formation and recovering
silver alloys, a new chemical sulfidation route was investigated for creating the CFD architecture. Using
the available silver coating on the commercial 2G HTS tapes as template, the sequence of
experimental steps needed for this Sulfide-CFD route was planned as illustrated in Figure 6.1.
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Figure 6.1: Suggested experimental workflow for the incorporation of Sulfur-CFD tapes in commercial silver coated tapes.

In the 1° step called “Sulfidation”, the silver edges of the tape are masked leaving 85-90% of the tape’s
width (12 mm) exposed for the tarnishing process. The different technical approaches used for
creating the Ag,S are discussed in the following subsections. In the sulfidation process the full
thickness of the exposed silver is converted to Ag,S leading to an Ag>S/REBCO interface. Knowing that
the resistivity of silver sulfide is 7-10 orders of magnitude higher than that of silver [272], the S
diffusion to form Ag,S should increase the interfacial resistance and create the CFD pattern. Once the
high interfacial resistance is present, the sulfide is reduced back to metallic silver in the 2" step, the
“Silver Recovery”. By reducing the silver sulfide, we should be able to reconstruct the original
conductive silver shunt layer of the tape without having to re-sputter the coating. Evidently, to avoid
losing the high resistance interface, no oxygen annealing process is performed afterwards.

6.1.2 Sulfur/Silver Liquid Reaction

As mentioned before, silver is susceptible to corrosion in the presence of sulfur-containing gases,
however the silver can also be tarnished when entering contact with bodies or solutions containing
sulfur. For instance, liver of sulfur is a yellow brittle solid mixture containing potassium and sulfur
(potassium sulfide, potassium bisulfide, potassium polysulfide, and/or potassium thiosulfate) mainly
used for metalworking to create different colors of patina on silver and copper alloys. By rubbing the
yellow solid lump of liver of sulfur on to the surface of a silver alloy one can produce a significant thick
layer of tarnish in matter of minutes. However, it has been practically observed that the reaction rate
is better controlled using the liver solid lump in a diluted water solution [273]. For this very reason
liver of sulfur is also commonly sold in the form of a pre-mixture of liquid or gel paste. This modern
gel is added with stabilizers that extend the shelf life of the product and allow the reactivity to last
much longer. In addition, this inexpensive gel/liquid could be easily adapted to the IJP expertise of the
SUMAN group at ICMAB [64].

With all these advantages in mind, the first sulfidation experimental attempt was performed with a
commercial sulfur gel traded by the name “Liver of Sulfur Extended Life Gel (XL Gel)”, and 12x12 mm
pieces of GABCO 2G HTS tape from THEVA, coated with approximately 1.2 um of pure silver. According
to [273], for properly tarnishing silver, the sulfur solution must be warmed usually between 30 °C and
50 °C, but never above 50 °C, otherwise the liver of sulfur will rapidly decompose to potassium
sulphate (K;SO4) and potassium carbonate (K,COs), neither of which has any oxidizing action. The
purest liver of sulfur, has a dark yellow color that fades to light yellow and finally white as the
compound ages and decomposes. Therefore, using this color criteria, different sulfur solutions were
tested by diluting the XL gel with 200 ml of distilled water in a 300 ml PYREX beaker on a hot-plate as

151



Sulfide-CFD Route

shown in Figure 6.2(a). Table 6-1 shows the practical decomposition times needed for different

solutions’ concentrations at different temperatures.

Table 6-1: Liver of sulfur decomposition times needed for different solutions’ concentrations held at different temperatures.

XL-gel in 200

ml of water 21 °C(RT) 30°C 35°C 40 °C 45 °C 50°C
0.5ml 3h28min  3h19min  3h0lmin 2h27min 1h1lmin 29 min
1,0ml 3h17min  3h07min  2h46min 2h16min 1h01lmin 25 min
1,5ml 3h12min  3h03min 2h48min 2 h 00min 48 min 18 min
2,0ml 2h 02 min  1h41 min 57 min 25 min 12 min 11 min

Figure 6.2(b) shows an example of one 12x12 mm sample stuck to a glass slide with polyimide tape
masking the edges leaving only the middle section of silver coating exposed to the solution reaction.
For each solution of Table 6-1, a glass slide containing the sample was dipped in the sulfur solution

and removed every 5 or 10 minutes for visual inspection and evaluation of the silver.

Figure 6.2: (a)Solution XL gel + water in a 300 ml PYREX beaker resting on a hot-plate with temperature control via
thermocouple. (b) Example of one 12x12 mm HTS sample with silver coating stuck to a glass slide with polyimide tape masking
the edges. This picture was taken after the sulfidation.

The formation of a polycrystalline layer of cubic a-Ag,S (acanthite) on the surface of silver was

confirmed via X-ray diffraction (Figure 6.3). In Figure 6.3(b), we find all the expected peaks for 8-20
from 20 - 55 ° [274] plus two intense peaks for metallic silver (JCPDS file No. 04-0783) indicating the
presence of a considerable amount of the metal underneath the sulfide.
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Figure 6.3: X-ray diffraction spectra of a-Ag.S on top of the silver layer shunt of GABCO 2G HTS tape.

The visual evaluation of the sulfide thickness formation was accomplished by taking into account the
“thin film interference” phenomena. When light hits the thin film of tarnish on the silver, part of the
light gets reflected by the top of the sulfide layer and another part gets refracted (passes through)
only to be reflected by the silver underneath the sulfide. When the top reflected light part recombines
with the light coming from the bottom tarnish, colors are created in an interference process. The final
color depends solely on the thickness of the tarnish layer. In the initial phase, the color shifts from
yellow through red-brown towards blue, as the thickness increases from 10 to 100 nm. After 100 nm,
only the natural black opaque color of silver sulfide is observable [275]. In Figure 6.4 a tarnished silver-

plated cup is shown with the interference colors.

Air

Silver sulfide

Silver (a) ‘ (b)

Figure 6.4 (a) Schematic drawing of the double path for light being reflected from the silver sulfide on top of tarnished silver.
(b) Tarnished silver-plated cup with different interference colors. Figures taken from the Canadian Conservation Institute

(ICC).

For all the different solutions below 30 °C, the sulfide formation was too slow. Even for the highest
2.0 ml concentration at 30 °C, after 30 min exposure, only shades of yellow appeared on the silver.
Dark red and brown colors only start to appear after 2 hours, but the reaction was halted by the
gradual decomposition of the solution. The formation of a dense black silver sulfide layer was only
achieved for solutions at 40 °C or above with the best result found for 1 ml of XL gel at 40 °C.
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6.1.3 Silver Sulfide Layer on the REBCO via Liquid Reaction

For all solutions where the black sulfide layer was formed, a blistering formation was noticed on the
surface of the patina as pictured in Figure 6.5. As the sulfidation reaction continued, some of the
blisters suffered major pealing leaving the HTS layer exposed. It is known that in case of high
concentrations of liver of sulfur, the oxidation process will develop too quickly leading to a flaky patina
layer [273]. This effect was evident in one attempt of directly applying the XL gel onto the silver and
slowly heating it up to 40 °C. The reaction rate became inhomogeneous and uncontrollably fast
leading to a complete pealing and loss of the silver layer.

Figure 6.5: (a) Commercial 12x12 mm 2G GdBCO tape piece from THEVA with silver, after 10 minutes reaction with liver of
sulfur 1 ml solution at 40 °C. (b) Magnified view of the blistering formation on the surface of the patina. The majority of
blisters presented a diameter in the 20 um range with some occasional ones reaching 100 um.

Nevertheless, in the case of the diluted solution, the blistering of the patina happened even for low
concentrations where the reaction took hours to reach the dark patina surface, thus ruling out fast
localized reaction rates. In order to identify the origin of the blistering process, the cross section of
one sample treated with liquid sulfur was investigated in SEM-FIB imaging as shown in Figure 6.6. The
full FIB cut in Figure 6.6(a) provides an overall view of the state of the Ag,S/Ag/GdBCO/MgO layers
transitioning from the compact Ag,S region into the middle of one of the blisters. The magnified view
in the middle of the cut (Figure 6.6(b)) characterizes this transition revealing the formation of an
unknown composite (GdBCO + S) in the interface Ag/GdBCO, followed by a structural fracture across
all the GdBCO layer (dashed yellow line). Moreover, a second magnified view on the center of the
blister (Figure 6.6(c)) exposes the presence of intense GdBCO degradation in both interfaces:
Ag/GdBCO and GdBCO/MgO. This pattern indicates the existence of an infiltration path for the sulfur
solution connecting both interfaces.
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Figure 6.6: SEM-FIB images of the Ag.S /Ag/GdBCO/MgO layers after the liquid sulfur reaction. (a) SE image of the cross
section cut on the side of a blister. (b) SE image showing the transition from the damaged cross section region (GdBCO +S)
to the non-damage region. (c) SE image of the center of the blister region showing damage in the Ag/GdBCO and GdBCO/MgO
interfaces. (d) BE image of (c).

In this scenario, the known presence of the GdBCO outgrowth peaks originated at the MgO substrate
(subsection 4.1.1), conveniently explains the infiltration path for the liquid sulfur. The peaks cover 1%
of the GABCO's surface and can reach heights comparable to the silver thickness (up to 1 um). During
the liquid sulfur reaction, the peaks would be the first GABCO regions exposed to the corrosion
environment of the liquid sulfur, thus creating channels for infiltration all the way down to the
substrate. This explanation is reinforced by the Backscatter image of Figure 6.6(d), where residue
pieces of degraded GdBCO are spotted in the Ag,S layer suggesting the presence of a GdBCO material
in the silver region before the sulfidation reaction.

The impossibility of tarnishing the silver stabilizer with liquid sulfur due to infiltration and localized
corrosion of the GdBCO outgrowth peaks lead to an investigation of alternative reactions for the
sulfidation.

6.1.4 Sulfur/Silver Gas Reaction

In the dense literature of conservation of silver and silver alloys [276], tarnishing is usually studied
with ordinary atmosphere gases containing sulfur. Although the type of corrosive gas may change
from study to study, the two most commonly used gases are: sulfur vapor (S») and hydrogen sulfide
gas (H2S). For H,S, the reaction is known to be endothermic (AH = + 10 kJ/mol) and is described by the
equation below:
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2Ag(s) + HyS (g) © Ag.S(s) + Hy(9)

Therefore, the reaction cannot happen without heating or having an oxidizing agent like atmospheric
oxygen. Oppositely, the reaction with sulfur vapor is exothermic (AH = -32 kl/mol) and is described by
the simple following equation:

24g9(s) + 5 (g) © Ag,S(s)

Consequently, the sulfur vapor is able to react with silver without the need of extra heat or other
oxidizing gases. From a practical approach, utilizing sulfur vapor becomes easier since only one
specimen concentration needs to be controlled experimentally. Moreover, considering the toxicity
levels of H,S [277], a special setup would have to be built to safely work with this gas. Nonetheless,
the thermodynamic advantage of the S, reaction makes the corrosion more severe than in the H,S
case. With all these considerations, sulfur vapor was chosen to act as the corrosive gas for tarnishing
the silver on top of the HTS CC.

The sulfidation tests were performed in a glass reaction chamber (a Mason Jar) of 500 mL with a tight
rubber sealed lid as shown in Figure 6.7. The seal ensured minimum changes in the sulfur vapor
concentration due to gas leaks during the experiments. A sublimed sulfur powder -100 mesh 99.5%
from Alfa Aesar was used as source for the vapor. With the melting temperature of 115.21 °C for sulfur
at 1 atm, a fix temperature of 130 °C was chosen to melt the powder and generate the sulfur vapor in
vapor pressure condition. According to [278], at this temperature, the total sulfur pressure would be
dominated by the partial pressure of Sg allotropes molecules and so, we utilize the ideal gas equation
to calculate the amount of sulfur powder needed to reach the saturation point:

PV 5x107° [atm] x 500 [ml]
"= RT T 8314 [J/(K-mol)] x 130 [°C]

= 0.00000755711 [mol] - 1,94 mg of S

Considering that part of the sulfur vapor will react with silver and form the sulfide, in order to maintain
the concentration constant during the reactions, all experiments were overdosed with 10 mg of sulfur

powder.

S powder
HTS tape Glass
stuck to Petri dish

glass slide

Rpm \\\m\\l..,,,/,

, ©
\\‘"’f/
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Figure 6.7: Picture and schematic drawing of the experimental set-up used for sulfiding the silver stabilizer of 2G HTS CCs with
sulfur vapor. The Manson Jar is hermetically sealed to avoid vapor leaks.
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The sequence of images in Figure 6.8 show the practical experimental steps used for evaluating the
rate of the chemical reaction between the sulfur and the silver on the HTS samples quantitatively. Like
in the previous section, 12x12 mm THEVA samples were stuck to a glass slide with polyimide tape
masking the edges and exposed to the sulfur gas for different time periods. Dark patina layers only
start appearing after 40 min of reaction as shown in Figure 6.8(a). Differently from the liver of sulfur
solution, no blistering was observed for any of the dark patina layers produced. However, for reactions
above 1 hour, part of the silver sulfide layer became loose and could be easily brushed off with a
cotton swab. The effect on the patina aspect after brushing the sulfide is portrayed in Figure 6.8(b).
After brushing, the remaining sulfide layer was chemically removed with a commercial polisher “Tarni-
Shield®” solution to verify the presence of a metallic silver core underneath (Figure 6.8(c)).

In reality, for the majority of samples, the remaining silver thickness after polishing was inferred via
electrical measurements as illustrate in Figure 6.8(d). Four gold-plated pogo pins were utilized for
measuring the resistance between the two virgin silver strips on the sides of the sample. Assuming a
homogenous sulfide reaction across the silver surface, the silver thickness could be estimated
considering the silver’s resistivity and the dimensions of the sulfided silver region on the sample. By
subtracting the calculated metallic silver thickness after sulfidation from the known initial thickness,
we were able to estimate the corrosion rate in our experimental condition. In Figure 6.10(a) we show
the corroded silver layer thickness as a function of the exposure time to the sulfur vapor at 130 °C.

Figure 6.8: Experimental steps for corrosion analysis of the silver layer of a 12x12 mm sample after sulfidation reaction. (a)
Sample after being exposed to sulfur vapor for a certain amount of time. (b) Sample after being brushed to remove the loose
excess of silver sulfide. (c) Sample after being polished with commercial polisher to remove the silver sulfide. (d) Sample out
off the glass slide ready for resistance measurements for Ag thickness estimation.
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The morphology of the dark patina is shown in the SEM image of Figure 6.9(a). The agglomeration of
randomly oriented silver sulfide grains ranging from 500 nm to 2 um creates a rough and dense layer
of patina. Aside from the polisher technique shown in Figure 6.8(c), the presence of a silver core
underneath the patina was also evaluated with SEM-FIB imaging as shown in Figure 6.9(b). Although
rough, the sulfide layer forms a continuous interface with the silver without any apparent porosity.
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Figure 6.9: SEM and FIB images of the dark patina layer formed after sulfidation with Sg vapor. (a) SEM images of the sulfide
morphology. (b) FIB cross section analysis of the Ag,S/Ag/GdBCO interfaces after 2h of sulfidation.

The graph in Figure 6.10 shows that the corrosion rate at 130 °C follows a linear trend in the first 120
minutes, but seems to accelerate afterwards. As vapor exposure time increases, variations in the
reminiscent silver thickness also increases. This phenomenon can be noticed by the increase of the
error bars of the data as exposure time increases. However, more importantly, the continuity of the
interface is also affected by the sulfidation time. Allowing the reaction to continue even after full
consumption of the silver layer around 240 min, creates pores in the Ag,S/GdBCO interface as shown
in the SEM-FIB image of Figure 6.10. From the studied Graphite-CFD route of section 4.4, it is known
that pores in the interface could lead to a shunt pealing during the quench thermal shock. Accordingly,
to avoid significant porosity in the interface Ag,S/GdBCO and to tarnish the full silver layer, the proper
sulfur vapor exposure time was set for 3h45 min in the chamber.
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Figure 6.10: (a) Rate of conversion of silver into silver sulfide as a function of exposure time to sulfur vapor at 130 °C. The
error bars indicate small variations in the final silver thickness underneath the silver sulfide. (b) Cross-section SEM-FIB image
of the layers Ag,S/GdBCO/MgO showing a continuous and porous interface Ag,S/GdBCO after 250 minutes of sulfur vapor
exposure.
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Figure 6.11: Diffraction pattern taken with GADDS for sulfided silver on top of the GdBCO tape substrate. (a) GADDS XRD
pattern. (b) integrated -2 XRD pattern of the film.

The formation of a polycrystalline layer of cubic $-Ag.S on the surface of silver was again confirmed
via X-ray diffraction. In Figure 6.11, we find all the expected peaks for 8-20 from 20 to 55 ° [274] plus

two peaks for metallic silver [279].

6.1.5 CTL Measurements of Sulfide-CFD Tapes

In order to confirm the presence of a high interfacial resistance in the Ag,S/GdBCO interface, one tape
sample of 5cm length was sulfided with the CFD pattern and evaluated via CTL measurements by
FASTGRID partners at EPM (section 3.4.2). The experimental data of the potential distribution and the
fitting of the semi-analytical (SA) model are shown in Figure 6.12(a).
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Figure 6.12: CTL measurements for a small 12x30 mm sulfide-CFD sample at 77 K. (a) Experimental data and fitted
semi-analytical (SA) model for potential distribution on the surface of sample. (b) Parabolic potential distribution along the
width (y-axis) of sample. The fit was performed only for the CFD region.
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Differently from the standard CFD samples created with EPM’s etching method, the SA model could
not fit well the data around y =0and y = 4+ w/2 simultaneously. Since this sample was made with
a different technique leaving silver sulfide in between the GdBCO and the silver, it is possible that the
sample doesn't respect all the exact assumptions of the SA model like the steep transition between
high resistive interface (R¢) and low resistive interface (R,). Nevertheless, a reasonable fit for the
surface potential was found considering only the sulfide-CFD region around y = + 10.2 mm with the
parameters shown in Table 6-2.

The value of Ry was indeed high (1 Q-cm?), but due to the incomplete fitting of the width, the ratio
Rf/Ro could not be properly estimated to quantify the CFD effect. However, the experimental data of
the potential distribution across the width (y-axis) for different planes along the length (Figure 6.12(b))
confirms the parabolic voltage distribution characteristic of the CFD architecture. Moreover, using the
pair of equations (3.16) and (3.17) the CTL was found to be A = 4.27 mm. This value is 30% greater
than the yttria-CFD architecture, thus implying a slightly faster NZPV.

Table 6-2: Parameters used to fit the CTL experimental data with the semi-analytical model described in section 3.4.2 . The
experimental data was taken for a THEVA CC altered with the sulfide-CFD architecture

Parameters Value
w 10.2 m

Wy 10.2 mm
d 1um

lo 1.5 mm

Ry 1 Q-cm?

AV 300 pv

6.1.6 NZPV Measurements for the Sulfide-CFD Tape

After confirming the presence of the CFD architecture qualitatively via the CTL measurements in the
Sulfide-CFD route, two long sulfide-CFD samples of 12x140 mm were manufactured at ICMAB for
measuring the NZPV in EPM’s experimental setup (section 3.4.3). The objective of these samples was
to assure the presence of a NZPV boost before transferring experimental effort to the “Silver
Recovery” step (Figure 6.1). Therefore, both samples were sulfided in two separate processes
following the procedure described in subsection 6.1.4 and re-sputtered with 1 um of silver. The NZPV
results related to these two samples (#1 and #2) are portrayed in Figure 6.13.
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Figure 6.13: NZPV versus applied current for two Sulfide-CFD samples made at ICMAB with the sulfidation of the silver shunt.
The experimental data is plotted against the 1t and 2" route of Yttria-CFD and the uniform tape for comparison.

The measurements for sample #1 revealed a substantial NZPV increase of 5-7x in comparison to the
uniform tape in the current range of 295-360 A. This increase is equivalent to the yttria-CFD route
annealed at 400 °C and proves the efficiency of the silver sulfide in creating the high interfacial
resistance required for the CFD effect. In addition, sample #2 also presented a NZPV boost in the range
of 550-610 A, but the increase was below the simulated EPM-CFD’s reference line (green solid line).
This NZPV shift between samples indicated that the sulfidation process of the silver did not create the
same final interfacial resistance Ag,S/GdBCO for both samples. The cause of this discrepancy in the
NZPV boost will be addressed in the next section.

6.2 Restoring the Silver Shunt

As illustrated in Figure 6.1, the sulfidation of the silver stabilizer/shunt is only the first step for the
suggested sulfide CFD route. In order to attach current leads on the CC and make a practical use out
of the REBCO film, the surface of the CC in contact with the current lead must be conductive to
properly inject the transport current and avoid destructive joule heating. In this manner, recreating a
metallic highly conductive layer on top of the sulfide becomes critical for making the sulfide CFD design
a useful approach. For this very reason, the sulfide-CFD concept was conveniently thought out as a
way to recycle the silver stored in the sulfide layer and use it to reconstruct (at least partially) the
initial metallic silver stabilizer. This section presents and discusses the results for two different
approaches capable of recovering the sulfide back to metallic silver on top of the REBCO film on an
industrial scale.
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6.2.1 Silver Recovery with Atmospheric Plasma Gun

Hydrogen is known to act as a strong reducing agent for metal oxides and sulfides [280]. However, for
the reaction to effectively occur, a required input energy of 435 kJ/mol is needed to dissociate the
molecular hydrogen (H-) into the reactive atomic hydrogen (H) form. Heating the H; gas directly is
proven to be an effective route for reducing sulfide minerals [281], but is far from being considered a
practical technique due to requiring a constant high temperature (> 800 °C). Another common way is
to create hydrogen plasma by exciting the H, gas with a high frequency AC voltage in a low-pressure
controlled chamber [282]. Plasma reduction processes have a lot of potential in the field of restoration
of fine metals surfaces, due to the absence of ablation to the target layer [271]. Nevertheless, the
requirements for industrial manufacturing can be quite extensive and the use of chambers may create
new technical difficulties due to size limitations and the full immersion in hydrogen plasma. To
overcome these situations, plasma can also be created in atmospheric conditions by processing the
gas in an electric arc [219]. An example of this technique is the Pulsed Atmospheric Arc Technology
(PAA Technology®), whereas by controlling the vortex flow of a gas the arc between two electrodes is
stabilized to form the plasma flame [220].

The PAA Technology® is already commercially available and has been proven to be quite effective for
highly oxidized Cu alloys [283,284] and historical silver coins [271]. Therefore, GdBCO tape samples
processed with sulfur vapor were sent to Relyon Plasma GmbH laboratories for silver recovery tests
with atmospheric pressure plasma. All tests were performed in the plasmabrush® PB3 system
described in subsection 3.1.5 and in [220] with a compressed forming gas 95/5 (N2/H,) flow of 50
L/min and 54 kHz of excitation frequency. The variables used for optimizing the results from sample
to sample are shown in Table 6-3 for 6 samples. After the plasma treatment, all samples were
evaluated via Hall-Scan magnetization measurements and selected for SEM-FIB inspection according
to the amount of visible silver reduced from the sulfide layer.

Table 6-3: Optimized parameters for the silver sulfide treatment with the plasmabrush® PB3 system of Relyon Plasma GmbH
Laboratories. This table shows only 6 samples out of the 16 samples tested. The underlined values in each column point out
the change in parameters from sample to sample for optimization of the silver recovery.

Sample N° #14 #13 #12 #18(1) #34 #35
Working 15 25 15 15 15 15
distance [mm]
Speed PG31 100 100 100 100 200 200
[mm/s]
Number of 10 10 2 6 6 12
cycles
Offset between 0 0 0 0 4 variable
cycles [mm]

Power Limit [%] 100 100 100 100 100 100
Nozzle type A250 A450 A450 A450 A450 A450
Pause Between None None None None 10 s break 10 s break

cycles after 2 cycles after 2 cycles
Silver formation None Little Some Full Recovery! Some Significant
Hall- scan None No damage No damage Severe No damage Half
Evaluation Damage degradation
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In the columns of Table 6-3, the underlined values represent important parameters of the PB3 system
that had to be changed to substantially increase silver formation and avoid degradation issues in the
HTS layer. The first positive result is seen for sample #12 using the nozzle A450 with 15 mm working
distance and a 100 mm/s traveling speed. After two cycles of plasma exposure, shades of white start
to appear onto the dark patina layer as shown in in Figure 6.14(a). A microscopic inspection of the
sulfide layer (Figure 6.14(b)) confirms the inhomogeneous formation of silver islands all over the
surface. Dense and disperse regions of silver agglomerations take place side by side creating the
greyish pattern observed in Figure 6.14(a).

Figure 6.14: (a) 50x12 mm Sulfide-CFD tape same after two cycles of atmospheric pressure plasma treatment with nozzle
A450 and 15 mm of working distance. (b) Microscopic view of the silver formation of top of the sulfide layer.

Comparing the SEM image of the pure sulfide layer on Figure 6.9(a) and the partial recovered silver
sulfide layer of Figure 6.15(a), a clear change in the morphology is noticed. Besides changing the
topographical aspect, the sulfide layer also became porous after plasma treatment. This porosity is
better seen in the backscatter SEM-FIB cross-section analysis of the Ag>S/Ag/GdBCO layers in Figure
6.15(b) where pores appear across the thickness and in the GdBCO interface. In addition, the
backscatter SEM-FIB image reveals the formation of silver bodies not only on the surface of the sulfide,
but also across the thickness in the form of small crystals randomly distributed. Because silver is 30%
denser than silver sulfide, the formation of crystals inside the sulfide layer might explain the increase
in porosity of the layer due to volume loss during the reduction process from sulfide to silver. No
electrical tests could be performed for sample #12 due to the lack of electric continuity on the
recovered silver layer.
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Figure 6.15: SEM and FIB images for sample #12 (a) SEM image for morphological characterization of the silver sulfide layer
on a HTS tape after atmospheric pressure plasma brushing treatment. (b) SEM-FIB backscattered image of the cross section
(Ag + Ag.S)/GdBCO after atmospheric pressure plasma brushing treatment.

In order to try recovering the full layer of silver, sample #18(1) was treated with 4 additional cycles,
completing a total of 6 cycles. After the treatment, the silver appeared to be fully recovered with a
resistance less than 1 Q/mm, but no further tests were performed due to a severe degradation of the
superconducting properties on the HTS layer. The degradation is seen in the B, field distribution of
Figure 6.16 measured at 77 K. The absence of magnetization across the length in the middle of the
sample corresponds to the region in the path of the moving plasma flame. Moreover, the presence of
silver blisters on the back of sample #18 strongly suggests a degradation coming from the overheating
of the sample. According to the datasheet of the A450 nozzle [221], the static temperature of the
plasma flame at a 15 mm working distance should be around 450 °C, enough to de-oxygenate the HTS
material if the sample and the plasma flame reach thermal equilibrium.

0 s 10 15 20 25 30 35 40

Figure 6.16: (a) Sample #18(1) after atmospheric pressure plasma treatment. (b) Perpendicular trapped field B, measured at
77 K by SHPM for sample #18(1) after atmospheric plasma treatment.

Sample #34 represents an attempt to diminish heat amassing by increasing the traveling speed of the
plasma nozzle over the sample with 10 second breaks between every 2 consecutive cycles. The
amount of silver recovered was the same found in sample #12 with no signs of degradation coming
from the Hall-Scan measurements. Therefore, sample #35 was processed in the same conditions as
sample #34, but adding 6 more cycles to complete the sulfide reduction. After 12 cycles a significant
amount of sulfide was reduced to silver, but not enough to confirm the full reaction since the silver
sheet resistance was found in the 1 Q/cm range. Silver blisters were found on the back of the sample
indicating the re-occurrence of overheating. Furthermore, as shown in Figure 6.17(b), the Hall-scan
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magnetization measurements of sample #35 confirmed the partial degradation of the
superconducting properties along the region where the plasma brushing took place.

20 40

y [mm]

Figure 6.17: (a) Sample #35 after atmospheric pressure plasma treatment. (b) Perpendicular trapped field B, measured at
77 K by SHPM for sample #35 after atmospheric plasma treatment.

In summary, the silver recovery from the sulfide on the GdBCO CC via atmospheric plasma treatment
has shown to be possible. Utilizing the plasma brushing PB3 system in certain conditions creates a
continuous, but irregular silver layer on top of the sulfide after some brushing cycles. However, this
technique still requires major optimization for achieving a full silver shunt recovery without thermally
degrading the HTS layer. Furthermore, the increase presence of pores in the interface Ag/GdBCO after
the plasma brushing must be taken into consideration for the NZPV tests to avoid the shunt pealing
during the quench.

6.2.2 Silver Recovery with Low-Pressure Hydrogen Plasma

Due to the temperature limitation in the atmospheric plasma PB3 system, a second attempt to reduce
the silver sulfide into metallic silver was perform in a low-pressure plasma chamber. Silver coated
THEVA tape samples with fully sulfided CFD patterns (example in Figure 6.18(a)) were processed in a
commercial system Femto Plasma-Surface-Technology 40 kHz 100 W at the Universitat Politécnica de
Catalunya (UPC). All samples were treated with the available hydrogen gas mixture Ar/H; (95/5) using
a 10 sccm flow at a pressure of 0.4 mbar and 33% of the maximum power for different time periods
ranging from 15 minto 1 h.

In a visual inspection, the results for all samples were independent of the plasma processing time. As
shown in Figure 6.18(b), all samples presented an evident color shift in the region of the sulfide strip,
from opaque black to opaque white, thus suggesting the formation of a rough metallic silver layer.
However, minutes after removing the samples from the chamber, the silver stripe aspect shifted from
pure white to a yellowish pattern. Subsequently, a couple of hours after, the grey stripe began to peal
exposing the GdBCO layer underneath as shown in Figure 6.18(c). Perhaps some sulfur residues in the
GdBCO interface continue the corrosion reaction once the “fresh” recovered silver was exposed to the
ambient atmosphere.
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Figure 6.18: Three stages of silver sulfide reduction with low-pressure hydrogen plasma on THEVA tape. (a) Fully sulfided CFD
pattern after sulfur gas exposure. (b) CFD sample minutes after low-pressure hydrogen plasma treatment of 15 min. (c) CFD
sample 2 hours after low-pressure hydrogen plasma.

For the majority of sulfide-CFD samples, SEM-FIB cross-sectional images of the Ag/GdBCO /MgO layers
(Figure 6.19) after the low-pressure plasma treatment confirmed the formation of an extremely rough
and porous layer of silver. Similar to the case of atmospheric plasma treatment (section 6.2.1), the
porosity extended throughout the whole Ag/GdBCO interface, thus leading to a poor adherence of the
final recovered silver layer and subsequent flaking of the coating (Figure 6.18(c)).

Figure 6.19: SEM-FIB images of the cross-section Ag/GdBCO/MgO after the low-pressure plasma treatment. (a) Full FIB cut
view. (b) Magnified view of the Ag/GdBCO interface revealing high porosity of the silver layer.

However, some samples with an incomplete sulfidation process revealed a different silver morphology
after the low-pressure plasma treatment. These “incomplete” samples initially did not present the full
conversion of silver to sulfide throughout the whole thickness across the delimited CFD region thus
leaving a metallic thin silver core underneath the sulfide in certain areas (Ag.S + core Ag in Figure
6.20(a)). After the plasma treatment, these Ag,S + Ag regions also presented a rough and porous layer
of recovered silver, but with a continuous sturdy Ag/GdBCO interface capable of maintaining the
adherence of the Ag coating even after mechanical scratches (blue dashed line Figure 6.20(b)).
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Figure 6.20: (a) 30x12mm Ag/GdBCO /MgO/Hastelloy tape sample partially sulfided with the CFD pattern after the low-
pressure atmospheric plasma treatment. (b) SEM-FIB image of the cross-section Ag/GdBCO/MgO after the low-pressure
plasma treatment: Porous Ag/GdBCO interface in the Full Ag,S region (red dashed line) and continuous Ag/GdBCO interface
in the region with previous Ag core (blue dashed line).

According to the SHPM analysis of the B, field, samples treated with low-pressure plasma presented
no detectable reduction in their initial critical current. Nevertheless, the inevitable flaking of the
recovered silver stabilizer hindered the continuity of this CFD approach.

6.3 b-CFD Architecture with Sulfide

As briefly commented in section 2.4, increasing the interfacial resistance Ag/HTS is not the only path
to create the CFD effect and boost the NZPV on 2G HTS CC tapes. The current crowding during the
qguench can also be achieved using the already existing buffer layer (MgO for THEVA tapes) as an
insulation for splitting the current path [210]. In order to divert the current around the buffer, one
must fine-tune the thickness ratio between the tape’s top and bottom metallic shunt layer [210]. This
buffer-CFD (b-CFD) concept does not require any change in the interfacial resistance to create the CFD
effect. Although simpler in theory, it presents a major technical challenge due to the extremely thin
thickness of silver (20 — 100 nm) required for the upper shunt layer. In this thickness range, silver is
known to agglomerate (dewetting) if annealed in oxygen beyond 400 °C [213], thus making it
impossible to have a continuous silver layer and properly oxygenate the REBCO film in a manufactural
timeframe. Another approach could be to physically or chemically etch the silver of the final top layer
on the commercial tape, which, besides the loss of precious silver material, would also require a very
practical, precise and cheap etching technique; something that still needs to be developed for the
industrial application.

In this latter scenario, the sulfidation process of silver (section 6.1.4) would emerge as a potential
method for implementing the b-CFD architecture. Instead of allowing the sulfidation to take place
across the full silver thickness and possibly compromising the Ag/HTS interface, the process could be
halted to leave some metallic silver in the HTS interface. By tuning the exposure time to sulfur vapor,
the remaining silver thickness could be tuned to create the correct top-bottom shunt ratio needed for
the b-CFD effect. Figure 6.21 illustrates the concept of partial sulfidation for creating the b-CFD.
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Figure 6.21: Suggested experimental workflow for the incorporation of Sulfur b-CDF tapes in commercial silver coated tapes.

This approach is also attractive because the formation of silver sulfide, in theory, does not “etch” the
silver material from the shunt layer. As long as the silver sulfide remains attached to a core layer of
metallic silver, a significant amount of the actual silver shunt material should remain stored in the
sulfide composition. Moreover, the presence of a thin electrically conductive layer acting as a metallic
core underneath the sulfide, allows for new possibilities of reducing the sulfide via electrochemical
techniques [285-287] such as:

e Galvanic (cathodic) reduction - when the source of energy for the reaction comes from the
formation of a galvanic cell where the tarnished object acts as a cathode (the sulfide on the silver)
and a less noble metal, usually zinc or aluminum, acts as an anode [288].

e Electrolytic reduction - when the source of energy for the reduction reaction is external like a small
generator or a battery. The two most common methods described for this in the conservation
literature are [285]: normal reduction and consolidative reduction. Normal electrolytic reduction
uses a DC power supply and the consolidative reduction [289] employs a half-wave AC power
supply. As mentioned before, both techniques require a metal core to be present in the object.

These electrochemical techniques could be used for a selective restoration of the sulfide region.
Therefore, creating silver only in zones expected to be used as current contact. These zones would
present a bigger effective contact area for current leads and consequently reduce the current contact
size.

6.3.1 b-CFD Simulations

Tuning the top and bottom thicknesses of the metallic shunt in the CC to achieve a b-CFD effect instead
of altering the interfacial resistance Ag/GdBCO in the classic CFD way can be a simpler approach, but
it might also come with a different NZPV performance. In order to analyze the influence of the new
proposed “sulfide b-CFD” in the final NZPV of the CC, the simulation template of section 3.5 was used
to evaluate THEVA’s CC architecture with different combinations for the top and bottom shunt
thicknesses.

In these simulations the interfacial resistance was considered uniform across the width with a fixed
value of 100 nQ-cm? and only the variable h,g_¢, Was altered to test different thicknesses. The
simulated NZPV curves for the b-CFD structure in comparison with the other architectures are shown
in Figure 6.22.
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Figure 6.22: NZPV versus Current of the simulated b-CFD architecture in comparison with other architectures; Uniform low
interfacial resistance tape and classic CFD from EPM.

Comparing the different simulated b-CFD curves (dashed lines) in Figure 6.22, it becomes clear that
the highest NZPV is achieved with the thinnest top silver stabilizer of 20 nm thickness. Bellow 450 A,
the NZPV performance for the b-CFD with 20 nm of silver even surpasses that of the simulated classic
CFD. However, as the top silver thickness increases from 20 nm to hundreds of nanometers, the NZPV
increase is less significant, becoming neglectable at 500 nm. Nonetheless, even with 100 nm of silver,
the expected simulated NZPV for the b-CFD would be significant and comparable with the classic EPM-
CFD in the 200-450 A range.

6.3.2 NZPV Evaluation of b-CFD Samples with Ag,S

Two Sulfide-b-CFD samples of approximately 12x130 mm were manufactured at ICMAB utilizing the
sulfur vapor method described in subsection 6.1.4. Both samples were cut from a commercial reel of
THEVA tape with an average critical current of 517 + 36 A (Appendix Figure D-2), masked with
polyimide along the edges of the top silver shunt, and sulfided for 230 minutes in two separate
processes. After the sulfur processing, both tapes were mechanically polished by hand with a lint free
cloth for removing the sulfide excess and subsequently sent to FASTGRID patterns in EPM for NZPV
evaluation and current limitation tests.

Before starting the actual NZPV tests, both samples were tested for their critical currents at 77 K:
Sample #1 presented an I, = 340 A and sample #2 an I. = 413 A. These values reveal an I, reduction
of approximately 35% and 19% respectively, thus indicating that the sulfide formation reached the
GdBCO interface and possible degradation took place. After determining I, the NZPV for both samples
was measured for different applied current levels at 77 K as shown in Figure 6.23.
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Figure 6.23: NZPV versus applied current for two Sulfide b-CFD samples, experimentally made at ICMAB with sulfidation of
the silver shunt. The b-CFD experimental data is plotted against the 15t and 2" route of Yttria-CFD, uniform tape and classic
CFD from EPM.

Both b-CFD samples presented a significant 10x increase in NZPV in the range 200-300 A when
compared to the uniform tape, and a 5x NZPV when compared to the 2" Yttria-CFD route. Such NZPV
increase was beyond the maximum expected simulated curve (red dashed line in Figure 6.23) of 20 nm
of silver and reinforces the assumption that all the top silver stabilizer was converted into sulfide. One
could affirm that part of the NZPV boost could be related to an increase in the conductor’s resistance
due to the conversion of almost 1 um of silver into sulfide. However, the room temperature resistance
of the b-CFD tapes was only ~15-20 % higher than the average 4.4 mQ/cm linear resistance of THEVA's
uniform tape with full silver shunt. Meaning that only a minor part of the NZPV enhancement came
from the “missing” shunt layer. No degradation of I, in the b-CFD samples was observed after the
NZPV measurements.

Evidently, creating the b-CFD effect on a CC leaving 20 nm (or less) of silver stabilizer after vapor
sulfidation would be ideal to achieve the best NZPV performance. However, seeing a possible 35%
reduction in I, due to sulfur degradation in the Ag.S/GdBCO interface and looking back at the
sulfidation rate of Figure 6.10, sulfiding a 1 um thick silver film down to an homogenous 20 nm layer
without risking some I, reduction would be very difficult due to the unprecise reaction rate of the
current sulfur vapor technique. In this case, working with an expected 100 nm range for the top silver
stabilizer would be a more realistic perspective.

Furthermore, an important remark was that the NZPV data measured along the left and right side of
the magnetic defect was not symmetric for these samples. The plotted NZPV values shown in Figure
6.23 are an average between the right and left sides of the tape. This could explain the NZPV slight
deviation between samples. However, this result could also indicate an inhomogeneous sulfidation
leaving an asymmetric thickness of silver along the tape.
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6.3.3 DC Limitation Tests for b-CFD Samples with Ag,S

After the NZPV measurements, sample #1 was tested in DC limitation utilizing the set-up described in
subsection 3.4.5 with the voltage array illustrated in the Appendix Figure C-2 and a NdFeB magnet

positioned in the middle of the length.

Initially, the sample was tested in a sequence of voltage pulses of 4 ms increasing the amplitude from
5to 12 V. Between 5 and 6 V, the fault current level around the sample’s critical current (I, = 340 A)
led to a limitation in hot-spot regime. The hot-spot regime is exemplified in Figure 6.24(a) where the
current stabilizes around 350 A at t = 2 ms and only later at t = 2.3 ms, the global E-field increases
sharply to 15 V/m in less than 300 s indicating the quench of the sample at t = 2.5 ms.

Figure 6.24(b) shows the evolution of the local electric field across the length on the left side of the
sample according to the disposition of the voltage taps illustrated in Appendix Figure C-2. With probe
ai38 being the hot-spot point of origin and taking 2 V/m as the quench criteria, is evident that the
guench did not spread over the full length of the tape. Still, the quench did spread considerably over
3.3 cm instead of just a few millimeters as it would be the case for a uniform tape with low interfacial
resistance. This feature allowed the tape to limit 30% of the fault without suffering damages from the
original hot-spot. In addition, probe ai38 reveals how the electric field remained stable at 40 V/m in
the original hot-spot location thus hindering excessive heat accumulation.
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Figure 6.24: Electric field and current evolution during DC limitation tests for b-CFD tape done with silver sulfide. DC limitation
in hot-spot regime for 4 ms fault with 5V in the capacitors. (a) Global electric field evolution of the sample during fault
limitation. (b) Local electric field evolution across the length of the sample during fault limitation.

For voltages beyond 6V, the fault current level surpassed 400 A and the clear-fault regime was
reached. This condition is exemplified in Figure 6.25(a) where a 12 V voltage pulse was applied. The
current (red dashed line) peaked at 500 A surpassing the sample’s critical current (I.~ 340 A), thus
making the sample rapidly switch to the normal state limiting the current to 300 A. Looking at Figure
6.25(b) and considering 10 V/m as the quench criteria, one can confirm that the clear-fault condition
induced a quench across the full length in less than 100 ps.
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Figure 6.25: Current and electric field evolution during DC limitation tests for b-CFD tape done with silver sulfide. DC limitation
in clear-fault for 4 ms fault with 12 V in the capacitors. (a) Global electric field evolution of the sample during fault limitation.
(b) Local electric field evolution across the length of the sample during fault limitation.

The sample’s critical current remained unaltered after all limitation tests using 4 ms voltage pulses
from 5 to 12 V. Therefore, a second sequence of tests was performed holding the applied voltage at
12 V and increasing the fault time from 4 ms up to 40 ms. The limitation behavior of the sample for
the 40 ms fault test is shown in Figure 6.26(a). The current peaked at 500 A and was immediately
limited down to 200 A after 40 ms. The E-field increased sharply in the beginning and stabilized around
95 V/m. From the E-Field and Current curves in Figure 6.26(a), the power density (W/m) over time is
calculated, and by integrating the area under the power density curve, the total energy density (J/m)
dissipated during limitation is found to be 756 J/m. Considering an adiabatic process across the tape’s

cross-section (width x thickness), and the known range of energy density fTTt ¢p(T)dT, the maximum
op

average temperature was estimated to be 300 K and agrees with the fact that the sample suffered no

reduction of its initial I, after the test.
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Figure 6.26: DC limitation test for 40 ms fault with 12 V discharge for b-CFD tape with silver sulfide. (a) Global electric field
evolution of the sample during fault limitation. (b) Local electric field evolution across the length of the sample during fault

limitation.

Figure 6.26(b) shows that the electric field gradient across the length reached a maximum of 15 V/m
between probes ai3 and ai38 located at one end of the tape and at the magnet position respectively.
This is an indication of a fairly homogenous quench behavior, as expected from a clear-fault scenario.

172



Sulfide-CFD Route

The sample did not present any degradation of I after the DC limitation tests at 12 V ranging from 4
to 40 ms and subsequently, the tests were ceased.
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7 Conclusion and Outlook

The hot-spot formation in the state-of-the-art 2G HTS coated conductors is basically a combination of
two factors: A local quench happening along the tape’s length, and a slow propagation of the normal
zone (NZPV). Indeed, the chances of a local quench can be minimized by suppressing external sources
of temperature disturbance with better cryogenic designs, but due to the reel-to-reel manufacturing
process of the REBCO film, natural I, fluctuations along the tape’s length makes the hot-spot scenario
an intrinsicissue for HTS tapes. If the current being transported across the tape reaches a value close
to the tape’s average I, regions with lower-I. can spontaneously quench and - due to a low thermal
conductivity k (W/m-K) and high heat capacity c,, (J/m>-K) of the compound materials in the wire - the
slow NZPV helps develop a hot-spot. This issue is expected in all superconducting device designs with
long lengths (>10 m) of HTS tape, such as magnets, motors and generators, but it becomes crucial for
resistive Superconducting Fault Current Limiters (SFCL).

As discussed in section 2.3, the price of a resistive SFCL is directly linked to the cost of the amount of
conductor needed to safely limit the current fault in the clear-fault scenario (I, > I;). Since the
commercial price of 200-250 €/kA/m is not expected to decrease substantially in the near future, the
length constrain is directly linked to the electric field under limitation Ej;;,,. Considering only the
traditional metals and alloys used in the 2G HTS architecture (Copper, Silver, Nickel and Hastelloy),
the value of E};;,, can either be increased by reducing the amount of stabilizer (Silver, Copper or Nickel)
to strengthen the wire’s final resistance p (Q-m) or by increasing the amount of Hastelloy to bump up
the heat capacity ¢,. However, reducing the stabilizer material makes the tape vulnerable to the hot-
spot regime (I,, = I.) since the critical current limit I._;;, is also reduced and its value can go below
the actual I, of the tape. Therefore, adding Hastelloy material becomes the preferable way to increase
Ejim and I._;i, simultaneously.

Still, in order to have a bendable wire for making coils, a practical tape thickness of about 600 um is
required and E};;, reaches a practical limit around 150 V/m. This value represents a substantial cost
reduction in comparison with the 50 V/m of the standard tapes manufactured today, but simply
increasing the substrate thickness to 600 um is not a viable solution for the problem since all 2G HTS
CC manufactures have opted to increase the engineering critical current density J, by reducing the
Hastelloy substrate thickness below 100 um. The current reel-to-reel systems in the industry are not
prepared to work with such thick Hastelloy substrate. In the current state of the 2G architecture, the
best solution for the hot-spot scenario must be found with the available standard substrate
thicknesses ranging from 30 to 100 um or with another new easy-to-adapt substrate material.

The solution for this Ej;y, and I._jj;, conundrum was investigated in the FASTGRID project for a
resistive SFCL operating in HVDC with three different attempts of directly enhancing the thermal
properties of the wire:

e High-cpshunt: Coating the stabilizer with a low-cost insulator with high thermal capacity ¢,

e Hastelloy shunt: Solder a 500 um thick Hastelloy shunt on top of the silver stabilizer with a
10 um thick layer of tin solder

e Sapphire substrate tape: Grown the REBCO film on top of long sapphire ribbons (1 m) with
high thermal diffusivity (cm?/s).

Although promising, all of these attempts do not tackle the main issue of the hot-spot formation
revolving the inherit slow normal zone propagation velocity (NZPV) of the 2G HTS architecture. In fact,
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adding Hastelloy or a high-c, material to the shunt layer only further reduces the NZPV, making the
wire thicker and extremely dependent on the thermal properties of the extra shunt material.
Increasing ¢, might be useful, but it does not seem to be the ultimate solution for creating a robust
HTS tape against the hot-spot.

The current flow diverter (CFD) is a concept that has proven to be able to substantially increase the
NZPV of tapes by more than one order of magnitude while being able to maintain a low interfacial
resistance for practical current contacts. However, the experimental method developed by the original
creators at EPM of etching and re-sputtering silver is not viable for the production of long lengths of
HTS tape. Therefore, still in the framework of the FASTGRID project, this thesis investigated new
manufacturing routes capable of re-creating the CFD effect in commercial 2G HTS CC using THEVA
tape as template.

/.1 Epoxy-CFD

In the initial characterization of THEVA’s REBCO film, we found that the outgrowth peaks made of an
unknown GdBCO phase are conductive and can reach dimensions of up to 1 um in height on the
surface of the superconducting GdBCO film. When covering 1% of the relative area, these peaks can
indeed affect considerably the final interfacial resistance between the silver stabilizer and the REBCO.
However, when testing the short-circuit effect with the epoxy SU-8 2000, even with thin 200 nm
layers, the interracial resistance was kept high enough (~100 mQ-cm?) for creating the expected CFD
effect.

Based on the interfacial resistance measurements performed with the epoxy SU-8, the same epoxy
was considered as a possible material for creating tapes with the CFD structure. As a preliminary test,
pre-oxygenated 5 cm tapes were altered to include a ~500 nm thick SU-8 layer in between the silver
stabilizer and the HTS material. The SHPM measurements indicated no significant degradation of the
tape’s superconducting properties coming from the epoxy after the CFD alteration. However, the
NZPV and DC limitation transport tests provoked a recurrent degradation of the I. for samples above
10 cm. After the transport tests, the SHPM measurements of the B, distribution revealed a consistent
defective pattern across the length of the samples, thus indicating a degradation due to the quench
thermal stress. Complementary to the SHPM, SEM-FIB cross-sectional images confirmed the link
between the degradation of the GdBCO and the occurrence of a buckling process happening in the
SU-8/GdBCO interface. Furthermore, COMSOL simulations for the SU-8-CFD structure showed that
due to the epoxy low thermal conductivity (0.3 W/m-K at RT), a large temperature gradient across the
epoxy layer is created during quench (20000 K/mm). Such gradient, in combination with a high
coefficient of thermal expansion can theoretically produce a Von Mises stress up to 16 MPa in the
SU-8/GdBCO interface capable of delaminating the shunt layer (subsection 4.3.1).

The SU-8-CFD route led to the conclusion that in order for any epoxy composite to be compatible with
the CFD architecture, both thermal conductivity and thermal expansion, should be improved to
minimize temperature gradients and thermal stress. Improving the low thermal conductivity (0.2 - 0.5
W/m-K) of polymers with fillers is a well-known, proven method that has been under intense research
for two decades now [290,291]. However, to fabricate polymer-based nanocomposites in an industrial
commercial scale with high thermal conductivity is still a challenge because of difficulties such as filler
aggregation and large inter-filler thermal contact resistance [292]. Moreover, the thermal conductivity
of the polymer depends upon filler size, mixing conditions, filler dispersion and chemical interaction
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between polymer matrix and the filler [293]. Whereas the mechanical properties such as tensile
strength and young modulus, depends on the filler geometry and size. Pursuing the tuning of all these
parameters would defeat the main purpose of the study to find a simple effective low-cost solution
for the CFD application. Therefore, alternative commercial coating processes for easy scalability were
investigated.

7.2 Graphite-CFD

In the 2"¢ CFD route, a commercial colloidal solution of graphite platelets traded by the name Graphite
33 was considered for creating the CFD tape. This water-free low-cost solution was spray-coated on
top of the GdBCO surface of pre-silver-etched tape samples and a preliminary evaluation via SHPM
measurements revealed only a minor decrease of 10% in the original I.. Moreover, due to the
reasonable electrical conductivity of the coating composed of superposed graphite platelets (100-
600 nm size), the shunt layer of the CC could be reconstructed inexpensively via copper electroplating
afterwards. Accordingly, spray coated graphite-CFD samples with I.~500 A were electroplated with
copper and tested in DC and AC fault limitation. The relative NZPV boost due to the CFD in comparison
with the uniform tape was confirmed as well as the robustness of the tape against the hot-spot regime.
However, in both experimental set-ups (AC and DC), due to the porosity of the graphite in the GABCO
interface, the coating did not have the best adhesion for withstanding the thermal shock cycles of
each quench and all samples showed a major pealing of the Cu/Graphite layers. Nevertheless, the use
of conductive graphite nanoparticles retains its potential as a low-cost simple method for creating the
CFD effect if a reduction of the graphite porosity in the interface can be achieved, as this will improve
adhesion with the ceramic GdBCO. Reducing the particle’s size of the filler or changing the matrix
and/or matrix-filler ratio could be two methods to accomplish this. Albeit, decreasing the particle size
below 100 nm might lead to a substantial increase in the graphite nanocomposite price, therefore the
polymeric matrix and matrix-filler ratio might be a better approach to fill the graphite pores and
improve the adhesion with the GdBCO. The initial SU-8 2000 appears to be a good substitute since
similar advantages have been accomplished with carbon nano tubes (CNT) [294]. But still, filler
aggregation is a major technical issue that will most likely require effort in future works for advancing
this technique [295].

7.3 Yttria-CFD

The 3™ CFD route consisted of using chemical solution deposition (CSD) methods such as spin coating
and ink jet printing to coat the REBCO layer with nanolayers of insulating amorphous yttria (Y,03). In
the first attempt of this route, the bilayer Y,03/GdBCO was oxygen-annealed in a single process after
the silver coating, i.e. “post-oxygenation”. However, this approach has shown to be impractical due to
temperature restrictions regarding the compatibility of the GdBCO and yttria. In order to load oxygen
in the GdBCO and achieve an orthorhombic structure with high I, the yttria thickness should not
overstep the 250 nm range. Yet, in this thickness range, above 500 °C, the thin yttria tends to crystalize
and lose density thus allowing silver diffusion. As a consequence, interfacial resistance drops below
10° Q-cm? and the CFD effect is extinguished. On the other hand, when trying to maintain the
amorphous phase oxygenating below 500 °C, for short periods (less than a day), the final average I,
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presented unacceptable fluctuations of 60% across the length due to inhomogeneous oxygen
in-diffusion in the GdBCO film. It was only with long oxygenation periods of several days that an
acceptable I. value with 10% deviation was achieved and yet, no CFD effect was observed. No
concrete evidence was found to explain precisely the absence of the CFD in the later samples, but a
reasonable speculation is the presence outgrowth peaks short circuit effect coming from the GdBCO
substrate, in combination with a subtle silver diffusion hard to detect via SEM-FIB imaging.

Satisfactory results were only found in the second attempt of the yttria-CFD route where the GdBCO
film was annealed in oxygen prior to depositing the yttria and the silver layers, i.e. “pre-oxygenation”.
According to the SHPM analysis, the yttria deposition by CSD reduced I. by ~50% after pyrolysis at
400 °C. However, after the silver deposition and subsequent oxygen annealing, additional oxygen
incorporation recovered I, to ~75 % of its original value, thus essentially validating the potential of
this CFD processing approach. The presence of the current crowding effect, characteristic of CFD
effect, was confirmed via special CTL measurements and the expected associated NZPV boost was
tested with the fabrication of long length CFD samples (> 10 cm). For the sample having the silver
annealed at 400 °C, the NZPV increased 4-5x in comparison with the uniform tape. Unfortunately, the
contact resistance on the current leads was estimated in the 10~* Q-cm?; too high for operating above
500 A. This issue was countered by re-annealing the sample at 450 °C, leading to a 20% drop in the
previous 4-5x NZPV and an increase > 15% in I... This result illustrated once more the problem of silver
diffusion through the yttria-CFD, but also reinforced the importance of the silver acting as a catalytic
element for the surface reactions to initiate the oxygen incorporation in the GdBCO.

In summary, with CSD methods for depositing yttria nanolayers in a pre-oxygenation route, it was
possible to implement the CFD architecture for the first time with a low-cost commercial technique.
The next step would be to use the same technique to reproduce the yttria-CFD in long lengths (> 1 m)
and reassure the industrial feasibility to manufacturers.

Furthermore, it was concluded that for the post-oxygenation of the REBCO film with the CFD
architecture to be successful, the future CFD material under consideration should:

e Be a poor electronic conductor, chemically stable and capable of maintaining its crystalline
and/or amorphous structure in 300 - 500 °C;

e Be a decent oxygen ionic conductor with a bulk diffusion coefficient D not too far below
YBCO’s ab-plane diffusion Dy, = 10711 — 107° cm?/s (considering the same temperature
range of 300 - 500 °C, with a coating thickness < 10 um);

e Have a poor silver diffusion D, of at least one order of magnitude below Dy, so that oxygen
diffusion may act faster to finish oxygenation before compromising the CFD interface in case
of an unavoidable silver diffusion.

In fact, ceramic insulators with high oxygen ionic diffusion are the main research topic of electrolyte
materials for applications in solid oxide fuel cells (SOFC)[256] and oxygen filters. Zirconia and Ceria
doped with rare earth oxides (Sm,0s, Y,03, Gd,0s3, etc.) are the most promising materials for the solid
electrolyte [296], being Yttria-stabilized zirconia (YSZ) the most commonly used due to its resistance
against the reducing atmosphere present in both the anode and cathode side of the SOFC [297]. In
the case of the CFD architecture, manufacturing Ceria-based & YSZ coatings, by sintering them at
temperatures above 1000 °C [298], is not suitable because of the inevitable melting of REBCO and
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consequential loss of the biaxial texture [299]. However, the most recent methods for depositing
gadolinia-doped ceria (GDC) layers by MOCVD at low temperatures, could be a solution for depositing
a CFD coating with the temperature restrictions of the REBCO [300,301]. In addition, ionic conductivity
of GDC at temperatures of 500—600 °C is similar to the ionic conductivity of sintered YSZ electrolytes
at temperatures > 1000 °C (Figure 7.1)[302,303].
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Figure 7.1: Arrhenius plot of chemical diffusion coefficient of oxygen in YBCO, Yttria Stabilized Zirconia (YSZ) and Gadolinia
Doped Ceria (GDC) from different authors: S. J. Rothman (blue triangles); S. I. Bredikhin (black squares); S. Tsukui (red circles);
YSZ from M. Kilo (green solid line); GDC from K. Kowalski (orange dashed line); The oxygen diffusion in silver is also plotted
from R. A. Outlaw data for comparison (crossed black hexagons). The light grey area delimits the bulk oxygen diffusion of a
generic oriented YBCO film based on the data collection.

Nevertheless, to the current knowledge, a material with all the previously listed requirements that
can also be consistently deposited in a compatible low-cost technique, like spray-coating or lJP at low
temperatures, remains unknown. As of now, the only practical solution for achieving a more attractive
CFD tape with the post-oxygenation approach seems the functionalization of the CFD coating with
pores to promote the diffusion path of oxygen (subsection 5.3.3). Albeit, this method will require a
thorough investigation of the aspect ratio of the pores to halt silver diffusion during the oxygen

annealing.

7.4 Sulfide-CFD

In the 4" CFD route, the initial Sulfide-CFD concept was devised with the intention of simplifying the
CFD manufacturing by bypassing the need to anneal the final REBCO film and silver stabilizer in oxygen
atmosphere. Therefore, starting with commercial GABCO silver coated tapes, the idea was to alter the
silver composition on the stabilizer in a controllable chemical process capable of reaching the
Ag/REBCO interface and increasing the interfacial resistance. Differently from the majority of metal
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oxides, the sulfide formation has an almost linear reaction rate on the surface of silver [304] allowing
a fast diffusion process to reach the Ag/REBCO interface. In addition, the sulfide could be converted
back to metallic silver using a reduction reaction with active hydrogen to restore the stabilizer/shunt
electric conductivity. For this manner, sulfur (S) was chosen as the primary element to form silver
sulfide (Ag,S) across the ~1 um thick silver stabilizer, only to be reduced back to silver (Ag) afterwards
to complete the CFD.

The liquid reaction containing sulfur compounds has shown to be incompatible with the GdBCO tapes
from THEVA due to liquid infiltration and corrosion through the outgrowth peaks (i.e. precipitates)
which jeopardize the GdBCO film. Alternatively, the gas reaction with the allotrope Ss was quite
successful in providing a controllable reaction for the sulfide formation. The S-gas technique was
applied to 5 cm tape samples and the CTL measurements confirmed the presence of the CFD current
crowding effect due to the presence of sulfide. Furthermore, a considerable NZPV boost of 4-5x was
also measured experimentally for 10 cm samples sulfided with the CFD pattern and re-sputtered with
silver. However, the final step of reducing the sulfide back to silver was and still is the major challenge
for this Sulfide-CFD approach. Recovering the silver with atmospheric plasma and forming H,/Ar gas
is possible, but it is difficult to avoid overheating the tape with the moving plasma flame. And even
though avoiding the heat from the atmospheric plasma with a low-pressure hydrogen plasma
chamber was very effective, the porosity in the final silver layer led to subsequent pealing of the final
stabilizer. However, the porosity in the Ag/GdBCO interface was not detected in the sulfide layers
containing an underlining metallic silver core after the low-pressure plasma treatment. This important
feature of the sulfide reduction led to one final attempt to create the CFD effect with the buffer-CFD
architecture.

With the assistance of the gas sulfidation technique to reduce the thickness of the top stabilizer from
1 um to ~100 nm on a commercial silver coated GdBCO CC, the top/bottom thickness ratio of the
shunt was tuned to create the b-CFD effect. Samples of 14 cm length were created with this Sulfide-
b-CFD technique and tested for the NZPV revealing a remarkable increase above 10x in comparison to
the uniform tape for the range 200-300 A. In addition, one 14 cm sample with I.~340 A was tested in
DC limitation for hot-spot and clear-fault conditions. In hot-spot regime, the tape presented fast
limitation response completing the current limitation in less than 4 ms and, in clear-fault regime, the
Ejim was pushed up to an average of 95 V/m for 40 ms without any signs of I. degradation.
Nevertheless, the NZPV improvement between the left and right side of b-CFD samples presented a
noticeable disparity indicating irregularity in the silver core thickness underneath the sulfide.

At the moment, the sulfide-b-CFD retains an enormous potential as an extremely simple method to
boost the NZPV in any commercial 2G HTS CC with a silver coating finish. Still, before implementing
this technique in large scale, a consistent thickness of the silver core under the sulfide must be
achieved. This technical aspect deserves a standalone study controlling the Ss partial pressure to
identify all the variables controlling the homogeneity of the sulfidation reaction.
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Appendix A. Physical properties of the 2G HTS tape materials
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Appendix Figure A-1: Specific heat capacity versus temperature for the different materials used in the Second Generation (2G)
of High Temperature Superconductors (HTS) tapes. The legend of this figure corresponds to the curves in the following images.
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Appendix Figure A-2: Thermal Conductivity (W/m-K) versus temperature (K) for the different materials used in the Second
Generation (2G) of High Temperature Superconductors (HTS) tapes. Legend of the curves is the same as in Figure A-1.
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Appendix Figure A-3: Thermal diffusivity (cm?/s) versus temperature (K) for the different materials used in the Second
Generation (2G) of High Temperature Superconductors (HTS) tapes. Legend of the curves is the same as in Figure A-1.
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Appendix Figure A-4: Electric Resistivity (Q-cm) versus temperature (K) for the different materials used in the Second
Generation (2G) of High Temperature Superconductors (HTS) tapes. Legend of the curves is the same as in Figure A-1.
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Appendix B. Optimum parameters of the tape

In the clear-fault scenario the resistance of the HTS tape is much great than the impedance of the grid
thus making the grid behave like a voltage source on the HTS tape. Considering adiabatic conditions
and a tape with length a Lg; and cross-section Ay, 4, the joule heating happening in tape’s volume
will translate to an increase in temperature T according to thermal equation bellow:

2
Vs dT
= CpAcond Lgc E

Rcond
Where R;ongq is the resistance Q and c, the volumetric heat capacity J/m>-K. Being c,, a variable
depended on the temperature T and R.png = PLsc/Acond:

Vs (t)? dr
cond m =0 (T)AconaLsc E

Where p(T) is the temperature depend resistivity Q-m. And so, the right side of the equation is
integrated over the temperate range Ty, — Tnqx and the left side over time delay t for the circuit
breaker to open and eliminate the fault:

Tmax

A t
cond f vsc(t)? dt = AcondLSCf p(T)c,(T) dT
0

Lsc Top

Since grid is basically behaving as a voltage source the variable vg.(t) can be substituted by a constant
Vsc and the length L. is determined as:

-1
1 Tmax
Lsc = Vsc (E f p(T)cy(T) dT)

Top

In the hot-spot scenario, the initial resistance of the HTS tape is much smaller than the impedance of
the grid thus making the grid behave like a current source. Considering adiabatic conditions and the
tape with length a Lgc and cross-section A ,nq, the joule heating happening in tape’s volume will
translate to an increase in temperature T according to thermal equation bellow:

Lgc . ) aT
lsc(t) = Cp (T)LscAcona dt

p(T)

Acond
Following the same procedure described for the clear-fault scenario

Tmax Cp (T)

p(T) ar

t
f isc(t)z dt = Acona f
0

Top

Since grid is basically behaving as a current source delivering a current [ =~ I, , iz.(t) can be
substituted by a constant I, and the cross-section area A,y is determined as:

Tmax Cp (T) -1
pema =t o [ 2
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Appendix C. Array of Voltage probes

ai0 : courant

ail: contactl (amenée et (6 0U 5 0U 4 OU 3) (gauche dans e sens de Pécriture)
ai2: tension totale (6 ou 5 ou 4 ou 3) et (75 ou 76 ou 77 ou 78)
ai71 : contact2 ((78 ou 77 ou 76 ou 75) et amenée +) (droite dans ke sens de 'éeriture)
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Appendix Figure C-1: Schematic drawing of the array of voltage probes used for transport current tests in Ecolé Polytehcnique

of Montreal. This piece is attached to the upper stabilizer layer on the HTS tape for both NZPV and DC limitation tests. Figure

provided as a courtesy from EPM collaborators.
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contacts : (taille pcb - 39 pitch)/2

contact-2 (contact -39) : (taille pcb - 39 pitch)/2

contact-3 (contact -38) : (taille pcb - 39 pitch)/2 +1pitch
contact-4 (contact -37) : (taille pcb - 39 pitch)/2 +2pitch
contact-5 (contact -36) : (taille pcb - 39 pitch)/2 +3pitch
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Appendix Figure C-2: Schematic drawing of another array of voltage probes used for transport current tests in Ecolé

Polytehcnique of Montreal. This piece is attached to the upper stabilizer layer on the HTS tape for both NZPV and DC limitation

tests. Figure provided as a courtesy from EPM collaborators.
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Appendix D. Technical information of THEVA tapes
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Appendix Figure D-1: critical current evaluation of a reel of THEVA tape code FG-OX0-012 done with the Tapestar system.
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Appendix Figure D-2: critical current evaluation of a reel of THEVA tape code FG-ICMAB-001 done with the Tapestar system.
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