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Abstract

Rare-earth barium copper oxide (REBCO) coated conductors (CCs) are of interest for
fabricating high-performance cables and magnets for high-field applications (B >22.5 T). However,
the applications of REBCO CCs are facing some critical challenges, such as quench detection and
protection, high magnetization loss and magnetization creep, and flux jumping due to thermal

instability.

Because it is inevitable to introduce defects in REBCO CCs during the processes of
manufacturing, cabling, and winding, it is important to control the current sharing between
conductor tapes to enable the self-protection mechanism to take place when a localized
disturbance (hot spot) appears in the cable or magnet coil. The current sharing between
conductor tapes can be modified by changing inter-tape surface contact. Our study found that
inter-strand contact resistance (ICR) and inter-strand thermal resistance (ITR) are determinant
factors for current sharing. We modified the inter-strand contact surface properties by applying
different techniques. By applying pressure, cold pressing and hot pressing, the inter-strand
electrical contact efficiency, n (n = ICR * contact area) can be reduced to as low as 10 uQ*cm?, at
which value effective current sharing between REBCO CC tapes can be achieved. However,
applying compression is only feasible for tape stack structure where tapes directly lay above one
another without any twist pitch. For cables, such as Roebel cable, CORC cable, and STAR cable,
the compression limits are much lower than that of the tape stack. Applying pressure can easily
damage the tapes in the cables, leading to reduction of /.. Therefore, performing Ni-plating and

PANI coating are more suitable options. The inter-strand electrical contact efficiency, n, achieved



by Ni-plate technique is 2.7 uQ*cm?. PANI-coating offers a wide range of n-values needed for

different requirements of various applications.

We applied experimentally achieved inter-strand contact properties to FEM analyses by using
ComsolMultiphysics and assumed liquid helium (4.2 K) cooling condition. In the most ideal case,
metallic inter-strand contact, a three-layer tape stack with a defective central tape could carry
3.05 critical current density (Jc) by sharing more than 0.4 J. from the central defective tape to the
two adjacent tapes, and the central defective tape showed a peak temperature of 4.37 K. In the
real case scenario, if we set the inter-strand electrical contact efficiency, n, and the inter-strand
thermal insulance, w (w = ITR*contact area), to be 5400 pQ*cm? and 5.54 K¥m?2/W to mimic the
case of a bad inter-strand contact, the maximum current ampacity of the central defective tape
reduced to 0.7 J. with a peak temperature of 5.17 K. In the case of good inter-strand contact,
given n and w as 10 pQ*cm? and 0.01 K*m?2/W, the peak temperature at the defect decreased to
5 K at 0.7 J. applied current, and current sharing to the adjacent tapes showed significant
increment. However, if the inter-strand contact was thermally insulating, thermal runaway
occurred regardless of ICR, and the self-protecting mechanism through current sharing could not
take place. In addition, we considered current sharing in two different states, equilibrium state
and transient state. In the case of equilibrium state, the defect is pre-existing, and the current
sharing takes place along the entire length of the muti-strand conductors or coils. In the case of
transit state, the defect is just-created, so current sharing mostly takes near the defect. Simulation
results of these two states shows that given specific inter-strand contact properties, the transient
state has a lower current sharing limit. We believe that this lower limit should be carefully

considered during cable and magnet designs.



Studies of magnetization and flux creep were conducted on a segment of STAR cable that is a
compact design of symmetric tape round REBCO cable and promising candidate for magnet
fabrication. Measurement results show the maximum magnetization normalized based on cable
volume and tape volume are 1140 kA/m and 2233 kA/m. Flux creep behavior of this cable was
measured by holding the cable at 1 T for 30 min and monitoring the change in magnetization over
time. When the cable is fully flux penetrated, flux creep was 66 kA/m over 30 min. By applying

field cycle of 04 T—0.8 T—1 T, flux creep reduced to 5.8 kA/m.

The AC loses of a single Ni-replacement REBCO CC tape and a loosely packed Ni-plated Roebel
cables were measured. Results showed that the AC losses in the two samples consisted of mainly
hysteretic loss and eddy current losses. At low field frequency (50 Hz to 150 Hz), AC loss was
dominated by hysteretic loss. However, as the AC field frequency increased, eddy current loss
became increasingly significant. In addition, 2-D simulation of Roebel cable was created and the
simulation result was within 20% of error to the direct measurement, which is in an acceptable

range.
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Chapter 1- Introduction

1.1 Motivation and Background

High-field magnets are of interest for applications in particle accelerators and fusion devices.
For a particle accelerator, the maximum energy the particle can achieve in an orbit is determined
by two basic parameters, the radius of the orbit and the magnetic field strength of the controlling
magnets (E, 4 X B X R). Therefore, to update the current existing particle accelerator for higher
energy research without changing the infrastructure, increasing the magnetic field that controls
the particles becomes the only option. In fusion technology, the power density of a fusion reactor,

the volumetric fusion rate, is also determined by the strength of the magnetic field, Prygi0n % B*.

Superconducting materials are preferred for the winding of high field magnets. NbTi, a low-
temperature superconducting alloy, has been widely used to wind magnets up to 10 T for
magnetic resonance imaging and high energy physics applications. Nb3Sn, a low temperature
superconducting intermetallic compound, can be used to wind magnets up to 20 T. However, to
wind magnets that can generate fields higher than 22.5 T, only the high temperature
superconductors, Rare-earth Barium Copper Oxide (REBCO) and Bismuth Strontium Calcium

Copper Oxide (Bi-2223 and Bi-2212), are available (Fig. 1) [1, 2, 3, 4, 5, 6].

The design of a high field magnet needs to take the mechanical properties of the materials
into consideration. For a 32 T No-Insulation (NI) REBCO insert magnet, the hoop stress limits of
the design are 400 MPa for the inner coil and 440 MPa for the outer coil [7]. Simulation results of
the same coil show that the maximum local hoop stress within the coil can even reach 766 MPa

[8]. Therefore, Bi-2212 which has a low hoop stress limit around 250 MPa is less favorable for



high field magnet construction [1] [9]. Bi-2223, in comparison with REBCO coated conductor (CC)
tapes, has a lower engineering critical current density under the same background magnetic field.
In addition, as a result of the development in the manufacturing technology, the price of the
REBCO CCs is becoming reduced. Data provided by Shanghai Superconducting Technology (SST),
the dashed line presented in Fig. 2, shows that it is possible to produce REBCO CCs for magnetic
fields of from 10 T to 23 T at a cost lower than those of Bi-2212 and Bi-2223 [10]. Therefore,
REBCO CCs have been proposed for many high field applications, such as nuclear magnetic
resonance spectrometry (NMR) [11, 12, 13, 14, 15], particle acceleration [16, 17, 18, 19, 20], and

fusion energy [21, 22, 23].
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Figure 1: Engineering critical current density versus applied magnetic field at 4.2 K [1, 2, 3, 4, 5,
6].
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Figure 2: Price versus magnetic field at 4.2 K (dashed line indicates REBCO CCs from SST, and
mechanical stress limits are not considered in this figure) [10].

1.2 Superconductivity

Superconductivity was discovered in 1911 by Heike Kamerlingh Onnes when he was
performing resistivity measurements of pure metals at cryogenic temperatures. He discovered
zero resistance to current flow below a critical temperature, T,. Subsequently, Meissner showed
that a superconductor could expel magnetic flux until an increasing magnetic field reached the

material’s thermodynamic critical field, H..



The superconducting state of a material is a distinct phase from its normal state at cryogenic
temperature. The reduction of Gibbs free energy for the phase transitioning from normal state to
superconducting state is given by Equation 1, where f,,(T) and fs(T) denote the Gibbs free
energy for the normal state and the superconducting state respectively, H. is the temperature
dependent thermodynamic critical field and H. = 0 when the temperature reaches T, and p, is

the permeability of free space.

1
fa(T) — £5(T) =§H0HCZ(T) Eq.1

Ginzburg-Landau theory expresses the free energy of the superconducting state as a wave
function of the superconducting electrons, as shown in Equation 2 where f,, and fs denote the
free energies for the normal state and the superconducting state respectively, Y (r) is the
effective wave function of the superconducting electrons at point r, m*is the effective mass, e is
the charge of an electron, @ and 8 are coefficients, A is the magnetic vector potential [24]. By
minimizing the free energy with respect to Y (r) and A, the two Ginzburg-Landau equations,

Equation 3 and 4, are obtained [24].

2

B(T)

fs = fut @M@ +== + o IHG) — Hl? Eq.2

Lol 2eA
WO+ 5 |=ihy = =0

)+ BT + 2| (<07 = 22) ) = 0 Fq.3
2m B e

c

Js = il—e [¢(T)*¢(T) (—ihV - #) + CC] Eq.4



1.3 Coherence length and penetration depth

Based on the two Ginzburg-Landau equations, Equations 3 and 4, two fundamental length
parameters are defined. (1) The coherence length, £(T), which is distance between the two
cooper pair electrons and the distance over which the superconducting parameter, Y (r), varies;
(2) The penetration depth, A(T), over which the externally applied field penetrates the material.

The Ginzburg-Landau parameter, k, is defined as Equation 7.

2

&) = amial Eq.5
K= A)E Eq.7

London theory also defines a penetration depth. The magnetic flux density, B, in the London
theory is expressed in terms of the London parameter, A, as shown in Equation 8.
B=AV?B Eq.8

Based on Maxwell’s equation, the London parameter, A, can be expressed by Equation 9,
where m is the mass of charge carrier, e is the charge of superelectrons, and n; is the density of

charge carriers.

- Eq.9
Hone? 1



For the simplest one-dimensional scenario, the magnetic flux density from the surface of a
superconductor to a point x within the superconductor follows an exponential decay in Equation

10. Therefore, the London penetration depth, 4;, is given by Equation 11.

X
B(x) = By ex (——) Eq.10
( 0 p \/Z q
m
1 =+VA = Fqg.11
L VA Honse? 1

1.4 Type-| superconductor and Type-Il superconductor

The two characteristic lengths, coherence length and penetration depth, can be used to
define Type-I and Type-Il superconductors. Type-I superconductors, for example Nb, Pb, and Sn,
exhibit perfect diamagnetism when the externally applied field is below the material’s
thermodynamic critical field, H.. The expulsion of the externally applied field is due to the
generation of a screening current that flows at the surface of the superconductor to a depth of 4,
the penetration depth [25]. This screening current will induce a magnetization, M. Therefore, as
shown in Equation 12, the magnetic field in the superconductor, B, can be calculated by adding
the opposing magnetization to the externally applied field, H,. When T < T, and H, < H.,, M =

—H,, and hence B = 0.
B =uy(M+H,) Eq.12

For a type-I superconductor, the Ginzburg-Landau parameter, k, is less than 1/v/2. When a
current is applied through the type-I superconductor, it will experience the self-field. If the

field is strong enough to penetrate the superconductor, certain parts of it will become normal.



However, as depicted in Fig. 3, the interface energy resulting from the formation of the
superconducting and normal mixed state in a type-I superconductor is positive [26]. Hence,

it is not possible to form such a superconducting and normal mixed state, making the Type-I

&

X
Qmagnetic(X) / energy penalty for excluding B

- —— ] - - - - - — === -_\ energy gain for being

Qnet(X) in SC state

superconductors not technically useful.

net energy penalty at a surface/interface

=

Figure 3: Gibbs free energy of the superconducting and normal interface in a Type-/
superconductor [26].

On the other side, the interface energy of the superconducting and normal mixed state in a
type-ll superconductor is negative, Fig. 4 [26]. Therefore, when a type-ll superconductor
experiences an externally applied field, it will exhibit three distinct stages as the field increases.
First, when the externally applied field is less than the lower critical field, H.;, the type-Il
superconductor expels all magnetic field due to the Meissner effect. Then, when the externally

applied field increases to the range greater than the lower critical field, H.;, but less than the



upper critical field, H.,, some field will penetrate the superconductor while the superconductor
still remains superconducting, leading to the superconducting and normal mixed state. In this
regime, H.; < H < H_,, the magnetic flux entering the type-Il superconductor is immobilized by
the flux pinning centers to be described in the next section. Finally, when the externally applied
field surpasses the upper critical field, H.,, the superconductivity is destroyed. Fig. 5 shows a
typical superconducting domain of a technical superconductor, type-Il superconductor, on the

phase diagram that is defined by temperature, current density, and magnetic field [27].
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Figure 4: Gibbs free energy of the superconducting and normal interface in a Type-II
superconductor [26].
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1.5Flux pinning

As shown in Fig. 6, a single fluxon has a core radius equal to the coherence length, £. At the
center of the fluxon core, the supercurrent density is zero while the magnetic field is equal to the
externally applied field, leading to a non-superconducting volume [28]. Supercurrent circulating
around the non-superconducting core generates a magnetic field that cancels the magnetic field

in normal core over the distance of the coherence length, &, and the magnetic flux carried by this

magnetic field can be quantized as @, = zr; = 2.0678 x 107> Wb [29]. Hence, the magnetic



field in a type-Il superconductor is the density of fluxons inside the superconductor according to

Equation 13. Here n is the number of fluxons and a, is the distance between them.

B =n®d,/a3 Eq.13
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Figure 6: Cross section view of a fluxon structure [28].

The fluxons in a type-Il superconductor are pinned by the pinning centers. The optimal radius
of pinning centers should be comparable to the coherence length, &, which is affected by the
temperature. Based on the size and morphology of the pinning centers, they can be
categorized as zero dimensional, one dimensional, two dimensional, and three dimensional,
seen in Fig. 7 [30]. Zero dimensional pinning center have size less than . Typical examples
of Zero dimension pinning centers are vacancies [31], cation disorder [32], and dilute doping

[33]. One dimensional pinning centers include columnar defects and dislocations [34]. Two

10



dimensional pinning centers are usually in the form of grain boundaries [35] [36] [37] and
interface between phases [38]. Three dimensional pinning centers have size comparable to
or larger than ¢, which is temperature dependent according to equation 14, and exist in the

form of nanoparticles or second phases [39] [40] [41] [42].

) = £0) | Bq. 14

1D-APCs Linear defects 2D-APCs Planar defects
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Figure 7: 1D, 2D, and 3D pinning centers [30].

Multiple pinning mechanisms can coexist in a superconductor. In the case of REBCO, weak
pinning centers are oxygen vacancies. The pinning force for those weak pinning centers can be
described by the collective pinning model, Equation 15, where E, is the total pinning force, f, is
the pinning force of individual pinning center, n is the density of pinning centers, and V, is the

volume where the collective pinning forms. Strong pinning centers in REBCO are nanoparticles

11



and nanorods, such as BaZrOs and BaCeOs, and the total pinning force, F,, in this case can be
simply calculated as the summation of the pinning force from individual pinning centers, Equation

16.

o nfy

Weak pinning: E, = v Eq.15
c

Strong pinning: F, = nf, Eq.16

1.6 Flux creep

Due to the magnetic flux gradient within the superconductor, magnetic flux tends to diffuse
from high density region to the low density region as demonstrated in Fig. 8. This diffusional
process, flux creep, is governed characterized by the Arrhenius equation, Equation 17, where t is
the flux creep hopping time, ¢, is the hopping attempt time, U, is the effective pinning energy,

kg is the Boltzmann constant, and T is temperature [43].

-U
t = toexp( k;;f) Eq.17

The term U,fr in Equation 17 is affected by current. As shown in Fig. 9, the energy barrier
that inhibits flux creep will be tilted by the presence of a current as described by Equation 18,
where U, is the pinning energy without current, J is the current density in the superconductor,

and /.o is the critical current density required to tilt the energy barrier [43].

J
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Adding
Current
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Figure 9: Energy barrier tiled at the presence of a current in the superconductor.

Since the current density in the superconductor is determined by the magnetic field gradient,

a time varying magnetic field gradient will lead to a time varying current density, /, shown in

13



Equation 19. Because the magnetization, M, in the superconductor is proportional to J, the

magnetization can be written in a time dependent form as Equation 20 [43].

kgT
J(@) = Jeol1 = U—ln(—)] Eq.19
0
kgT
M(t) = My[1 — U—Oln(—)] Eq.20

It can be concluded that flux creep is dependent on temperature, pinning strength, and
current density in the superconductor. Therefore, flux creep is more prominent in high
temperature superconductors (HTS) than in low temperature superconductors (LTS). HTS are able
to operate at higher temperatures, which enables the flux creep to respond to the increased
thermal activation energy. The critical current density is proportional to the total pinning force.
As demonstrated in section 1.5, the total pining force can be increased by creating more pinning
centers and introducing strong pinning centers. In the case of HTS, for example REBCO, the
property of high critical current density is given by high total pinning force, which is partly
ascribed to the abundance of weak pinning centers, oxygen vacancies [31]. However, from the
perspective of flux creep, the combination of many weak pinning centers and high critical current
density enhance the flux creep rate. Moreover, the magnetization of a superconductor is
proportional to the size, diameter of round filament and width of tape, of the conductor, following
the relationship M o« J.d [44] [45]. Compared to LTS [46] [47], HTS have much bigger filament

diameters [48] [49] [50], hence higher magnetizations [51] [52] [53] than LTS.

The performance of a magnet fabricated with HTS will suffer from an enhanced error field

caused by the strong magnetization of the HTS. Therefore, error correction, for example using

14



compensation coils, needs to be included in magnet design. Flux creep will make the error field
time varying. Therefore, it is important to measure the creep rates of the superconducting
materials, so that a creep component can be included in the accelerator field error calculations,
which are typically performed using finite-element software such as ROXIE [54] [55] and OPERA-

2d [56] [57], to achieve better field quality.

1.7AC loss
When a superconductor is exposed to an alternating field, it experiences AC loss. As shown
in Fig. 10, 11, and 12 [10] [58] [59], superconductor cables consist of multiple strands or filaments

such that three components may contribute to the AC loss.

Hysteretic loss originates from the magnetization of the superconductor. Derived by an
alternating field, a current will be induced in the superconducting filaments to oppose the change
of magnetic field. The hysteretic loss, P,, can be described by Equation 21, where B is the
amplitude of the applied AC field, f is the frequency of the AC field, 4 is the filling factor of the

superconductor, J is the critical current density, and dy is the diameter of the filament [60] [61].
Py < BofA].ds Eq.21

The coupling loss component is given by Equation 22. The coupling loss is proportional to the
squares of the amplitude of the AC field, B3,the frequency of the AC field, f 2, and twist pitch of
the cable, L%,. Since the coupling current flows in between superconducting filaments, the
coupling loss is inversely proportional to the effective resistivity of the matrix material, py c5,

where the superconducting filaments are imbedded [60] [61].
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B3f?L5
Pm, eff

Poous < Eq.22

Eddy current loss is generated by the current flowing near the surface of the normal materials
in response to the time varying magnetic field. Therefore, this loss component, demonstrated in
Equation 23, is proportional to the square of the amplitude of the sweeping field, BZ, the
frequency of the sweeping field, f2, and the width of the conductor, w?, but is inversely
proportional to the resistivity of the normal material, p,,, which serves as the stabilizer of the

cable [60] [61].

BZ ZWZ
Peqay % % Eq.23

n
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Figure 10: Bi2212 cable (a) cable side view 17*6 strands, (b) cable top view, (c) SEM of strand,
(d) SEM of filament in a strand, (e) higher magnification SEM of filament
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Figure 11: (a) Schematic drawing of Roebel cable, (b) Top view of Roebel cable [10]
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Figure 12: REBCO CORC cable (a) side view [58], (b) cross-sectional view [58], (c) oblique view

[59]

1.8 Rare-earth barium copper oxide (REBCO)

The crystal structure of Yttrium (one of the rare-earth elements) barium copper oxide (YBCO)
is presented in Fig. 13. It can be seen as a stack of perovskites of BaCuQOs, YCuOs, and BaCuOs from
bottom to top or a stack of alternating layers of CuO chains and CuO; planes [62]. With reference
to the chemical formula YBa;CusOs.x, @ phase transition occurs from tetragonal to orthorhombic
when x is around 0.35, and this phase transition also leads to the development of

superconductivity in YBCO [63] [64]. As presented in Fig. 14, when the value of x is 0.94, the

19



critical temperature of YBCO, T, reaches the maximum of 92 K [64]. YBCO is an anisotropic
material, and therefore, its superconducting properties in the a-b plane are different from those

along the c-axis, as tabulated in Table 1 [65] [66] [67].

<-Cu-0 chain

Cu0, plane
C
b
d

Figure 13: YBCO crystal structure [62]
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Figure 14: (a) top views of CuO chain in YBa>Cu3Os+x as the value of x varies (T denotes the

tetragonal structure. O, Oll, Olll, OV, and OVIII are orthorhombic structures. Solid big circles and

small circles are occupied sites of copper and oxygen, and open circles are vacancies

correspondingly) [63], (b)T. of YBCO with different values of x [64]

Table 1: Superconducting parameters of YBCO in a-b plane and along c-axis [65] [66] [67].

a-b plane c-axis
Coherence length, & (nm) 1.5-2.0 0.3-0.5
Penetration depth, A (nm) 750 150
Upper critical field, H,, (T) >150 100-150

The processes of fabricating REBCO coated conductors (CC) are different for different

manufacturers. REBCO CCs used in this study are mostly from SuperPower. The structure of the

SuperPower 2G REBCO CC is presented in Fig. 15 [68]. A 50 um Hastelloy tape is used as the

substrate to provide mechanical strength of the CC. Then a buffer stack consisting from bottom



to top of alumina, Yttria, ion beam assisted deposition (IBAD) MgO, homo epitaxial MgO and
LaMnOs, is deposited on the Hastelloy substrate [69]. Alumina in the buffer layer serves as a
diffusion barrier. Yttria is used as a seed layer for the IBAD MgO. LaMnOs plays the role of
matching the lattice to REBCO. The REBCO layer is deposited on the buffer layer through a
metalorganic chemical vapor deposition process (MOCVD). On top of the REBCO layer and the
bottom of the Hastelloy substrate, a silver overlayer is deposited to provide good current transfer

in between the REBCO layer and the copper layer stabilizer.

Copper Stabilizer

Silver Overlayer

(RE)BCO - HTS (epitaxial)

Buffer Stack

20 pm

Figure 15: Structure of SuperPower REBCO 2G HTS tape [68].

1.9 Current sharing in REBCO tapes and cables

REBCO coated conductors (CCs) are promising material candidates for high field
superconducting magnets. Various magnet designs with different cable/tape configurations have
been proposed and constructed, such as tape-to-tape no-insulation coils [70], Roebel cables [71]
[72], conductor on round core (CORC) cables [73] [74] [75], symmetric tape round REBCO (STAR)

cables [76] [77], and twisted stacked tape (TSTC) cables [78].
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However, unlike low temperature superconductors such as Nb3Sn which has a normal zone
propagation velocity of 1-100 m/s [79] [80], REBCO CCs have slow normal zone propagation
velocities of 3-5 cm/s (driven by their higher Tc) [81] [82]. This makes the quench detection and
protection major challenges for REBCO magnets development. One way to increase the stability

of a REBCO coil is to introduce current sharing between the REBCO CC tapes.

REBCO CCs contains defects that can be introduced during the manufacturing process, coil
winding, and operation with various sizes [83] [84] [85]. As shown in Fig. 16 [70], when current
reaches the defect, a low contact resistance interface will allow the current to detour into

adjacent conductor.

Copper bobbin |
fcurrent lead, |
positive)

G-10 holder

Copper block
{current lead, negative)

Pancake—pancake spacer
DP-DP spacer — |
Pancake P12

LCCCTL

Bypass cument i Insulation
| Copper bobbin
No-insulation winding i (current lead, positive)

| LBC3 after 45.5-T test

Figure 16: Current sharing REBCO tapes in a no-insulation winding; Construction design of the

45.5 T insert NI coil, actual photo of 45.5 T insert NI coil [70].

In this work we introduce the current sharing metric (CSM). In the case of LTS, current sharing

refers to the inter-strand current redistribution in a multi-strand cable, so the CSM of LTS can be
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defined as the ratio between maximum achievable current and the nominal current of a multi-
strand cable, denoted as CSMyrs = Icqpie/Ic nominar- The quench event in LTS is an adiabatic
process which can be caused by disturbance spectrum. Hence, the limiting factor is the minimum
qguench energy and current sharing limit can be only controlled by the inter-strand electrical
contact resistance (ICR). As presented in Fig.17, the current sharing metric of LTS, CSM; s,

decreases as the ICR, and the metric is always smaller than one [86].
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Figure 17: MQE and CSM, s as a function of inter-strand contact resistace. (A no core
Rutherfold NbTi cable, inter-strand electrical contact resistance varies from 1 uQ to 1000 uQ)

[86].

For a HTS, such as REBCO CC, because the AT between the operating temperature and T, is

much bigger, HTS is more tolerant to disturbance spectrum. However, the presence of defects in
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the conductor tape needs to be considered. Therefore, the current sharing metric of a REBCO CC
cable is determined as the ratio of the maximum achievable current in a cable with defects to the
nominal critical current of a cable without any defects, denoted as CSMyrs = Icapie_defect/
Ieabie no_defect- In this case, the current sharing limit is determined by inter-strand electrical

contact resistance (ICR), inter-strand thermal resistance (ITR), and boundary cooling conditions.
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Chapter 2- Control inter-strand contact properties through surface

treatment

Numerous techniques have been applied to control the inter-strand contact resistance,
including cold pressing, hot pressing, Ni plating, and conductive polymer plating. The inter-strand
electrical contact efficiency, n, as defined by Equation 24 and is a dimension-independent
property, for the as-received tapes is 17000 pQ * cm?measured at 77 K [87]. The high inter-strand
electrical contact efficiency can be ascribed to the intrinsic oxide layer on the Cu surface. The
following sections will introduce some of the numerous techniques that have been applied to

change the inter-strand contact properties.
n = ICR * contact area Eq.24

2.1 Controlling inter-strand contact resistance by cold pressing

The first process we applied to break down the intrinsic oxide layer on the Cu surface of the
REBCO CCs is mechanical pressing. This work has been published in “YBCO Coated Conductor
Interlayer Electrical Contact Resistance Measured From 77 K to 4 K Under Applied Pressures up

to 9.4 MPa [88].”

The electrical resistance of a 10-stacks of YBCO tapes were measured. Two different sets of
measurements were performed on the samples. The first setup, shown in Fig.18, was used for
tests at 77 K under pressures of up to 420 kPa. This equipment consisted of two G-10 plates with
up to three steel plates which could be laid over them. The sample stack (ten tapes, 10 cm long)
was inserted between the two G-10 plates, and the upper G-10 and steel plates were free to slide

up and down but kept in place horizontally with the vertical guides as shown in Fig. 18. Pressure
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was applied by adding a series of steel weights (plates) to the top of the upper G-10 plate of the
setup. Each steel weighs 5.68 kg, supplying 55.7 N, giving 139 kPa per steel weight applied onto
the REBCO tape stack with cross section of 10 cm*0.4 cm. Up to three steel plates applied on the
tape stack resulted in a maximum pressure of 417 kPa. The rig sat in a closed foam box cryostat
and LN2 was used to cool the rig. The level of LN2 was controlled so as to immerse the bottom G-
10 and to be in contact with the bottom Cu, but not to touch the sample. A current of 0.1 A was
applied between two copper plates that the REBCO tape-stack was sandwiched in between, and
the voltage was measured between the two Cu plates. Cernox sensors were present on the upper

and lower plates and were monitored.

Copper plate
Cernox sensor

Figure 18:Rig 1, lower pressure range, fixed pressure inter-tape resistivity measurement.

We expected the native oxide which forms on metal surfaces is a key contributor to the
electrical contact resistance. This native oxide layer is known to be ~4.5 nm thick for Cu. The

application of mechanical pressure is known to modify the electrical contact [87] [89] [90]. This
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is borne out in the results of our measurements from Rig 1, as presented in Fig. 19. Here the stack
resistivity (resistance) decreased as pressure increased. At low applied pressures and 77 K, we
can see that the resistance of the stack decreases from 0.234 Q (no pressure) to 0.029 Q (417
kPa). If we assume that the contact resistance at the tape surface dominates the stack resistance,
then in terms of 7 this is 0.935 Q * cm? (at zero applied pressure) to 0.1 Q * cm? (at 417 kPa).
Compared with the scenario without pressure, the resistance (contact efficiency) of the stack
drops by a factor of 8 with 417 kPa applied. This 1 value is about 40 X higher than that measured
for Cu surface NbTi strands under 77 MPa (~ 300 pf) * cm?) [91], and 23 X higher than the chrome

plated REBCO conductor (~ 564 uf * cm?) under 200 MPa pressure [87].
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Figure 19: Stack resistance and contact efficiency vs applied pressure at 77 K.

The second rig, capable of variable temperature measurements as well as higher compaction
pressures was used for a second round of experiments. The probe consisted of two copper shims,
one on the top and the other on the bottom, com-pressed by G-10 plates pressurized with screws,

see Fig. 20.
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Figure 20: Rig 2, higher pressure range, 4 K-77 K, applied constraint inter-tape resistivity
measurement.

A 10-layer tape stack, 2.4 cm in length, was placed on the top of the bottom copper shim,
which was electrically insulated from, but in good thermal contact with, the Cu support plate that
the G-10 is bolted to. The tape stack was sandwiched between the upper and lower Cu shims.
One Cernox sensor was installed at the middle of the probe to monitor sample temperature.
Screws No. 1 through 4 were used to position the setup and were tightened to the bottom Cu
support block. The G10 had an upper (fixed) and lower (movable) plate. The top G10 piece was
threaded so that screws No. 5-10 could be driven through it and therefore apply a certain pressure
to the bottom G10 piece across the tape stack. In addition to the pre-stress introduced by

positioning the setup through screws No.1-4, pressure (pre-stress) of 4.97 MPa, 6.63 MPa, 8.31
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MPa, and 9.94 MPa were applied sequentially to the tape stack by utilizing a precision torque
driver. For each pressure, we used a (virgin) tape stack. Pressure was applied at room temperature,
and then the sample probe was inserted into a half-filled liquid helium tank and the sample could
be cooled to between 4.2 K to 77 K by selecting the height of the probe above the helium. The
temperature gradient has been measured for this probe and is less than 0.3 K along the length of

the sample.

It is important to note that the method of pressure application is in a pre-stress mode. That
is, the pressure is applied at room temperature, and acts as a constraint. When the probe is cooled
down, the probe, as well as the tape stack undergo thermal contraction, which modifies the level
of applied pressure. This protocol, which a variety of published articles have used [87] [90] [91],
does mean that the pressure applied to the stack is some-what different than what was applied
at room temperature. We can make an estimate of the change in applied pressure by making
estimates of the thermal contraction of the sample and the holder, and using the modulus of the
tape stack, estimate the change in applied pressure. However, it should also be noted that in some
ways the applied constraint protocol is more interesting and relevant for actual magnets, since
magnets will be fabricated with an applied constraint, and then cooled down to the point of

operation.

Under a nominally zero applied pressure at 4.2 K, n = 5400 pQ * cm?, dropping to 178 pf) *
cm? at 9.94 MPa; at 77 K 7 ranged from 6900 pQ) * cm? at no applied pressure to 232 uf * cm?
at 9.94 MPa. The temperature dependence for samples measured under nominally zero pressure
is given in Fig. 21 (a), and the temperature dependence for various applied pressures in Fig. 21

(b). The 1 value at 9.94 MPa is comparable to that of the Cu surfaced NbTi strands under 77 MPa
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[91] and the Cu surfaced REBCO strands under 20 MPa [87]. Previous measurements on NI coils
yielded 77 varying from 20 puQ * cm? to 70 pQ * cm? [90] [92], this level of contact efficiency is
achievable by applying compressive force without degrading the performance of the REBCO
superconducting tapes and coils (~261 pf * cm?at 140 MPa [93], ranging from 16 pf) * cm? to
180 pQ * cm? at 20 MPa under varying cyclic loading [94], ~1 p€ * cm? at ~2 MPa for a solenoid

coil [95]).

As noted above, the thermal contraction of both the stack and the rig modifies the pressure
as applied at cryogenic temperatures. We can make an estimate for this pressure modification
(which can be thought of as an error in the nominal pressure) in the following way. Let us estimate
the error at 4.2 K. The thermal contraction (AL/L) for Cu, Steel, Hastelloy, and G-10 are 3.2*1073,
3.0*103, 2.4*1073, and 2.45*1073, respectively. The contraction of the active length of the four
corner screws will result in compression, while the contraction of the tape stack and the
contraction of the top and bottom G10 plates will lead to relaxation. The YBCO coated conductor
consists of 40 um Cu, 50 um Hastelloy, and 10 um YBCO+buffer. Here we only take Cu and
Hastelloy into consideration, so based on the fractional thermal contraction factors, the total
contraction of the tape is ~2.4*103 mm (0.128 mm for Cu and 0.12 mm for Hastelloy). Similarly,
the contraction of the two top G-10 pieces (7.67 mm total thickness) in total is 1.9%102 mm.
When applying pressure the top screws extended about 1.5 mm, so the contraction of the
pressing screws is 4.5*10°3 mm. The four corner screws will also shrink, and the portion that can
affect the pressure on the sample is the total thickness of the (two G- 10)+(the sample stack)
which is 7.67+1 = 8.67 mm, so the contraction is about 2.6*102 mm. Hence, the resultant total

thermal contraction is 2.6*102 mm - 4.5%103 mm - 1.9*102 mm - 2.4*103 mm = 1*10* mm. A

31



similar calculation at 77 K gives a larger value (2.25 x 10 mm), so we take that as our error limit.
In order to use this number, we must measure the modulus of the stack, or rather its compression-
pressure curve. The modulus of the tape stack is much different from the tape itself, because the
tapes in the stack are not completely flat and straight, even as carefully assembled into a pack.
The initial compression, or pre-stress as applied to the pack serves to compact the ten-layer stack,
removing gaps. Only when fully compacted will the pack behave like the individual conductors.
We measured the effective modulus in the low pressure regime to be 17.6 MPa with the initial
ten stack thickness of 1.82 mm. This leads to an error in the pressure of ~21 kPa. Therefore, in
comparison with the applied pressure from 4.97 MPa to 9.94 MPa, the error due to thermal

contraction is small, and we report the results in terms of nominal pressure in Fig. 21 and 23.
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Figure 21 :(a) Contact efficiency vs temperature without external pressure, (b) Contact efficiency
vs temperature at 5-10 MPa.

Fig. 22(a) demonstrates that the measured resistance across the stack is dominated by
surface contact rather than the strand internal resistance. In flowing through this stack, the

current must of course pass through every tape-to-tape interface, experiencing the interface
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contact resistance 9 times. In addition, there is also the bulk resistivity as the current flows
through the tape. Let us consider the tape to be a network of three parallel resistors, one
associated with the Cu on each of the tape edges, and one associated with the central region
(containing the YBCO and Hastelloy, as shown in Fig. 22). As shown there, the average thickness
of the plated copper near the tape edge was 34.4 um. We calculated the resistance of the copper
path based on R = pL/A. At 77 K, p of copper is 22.2 pQ*cm, the path length L is 0.1 cm, and the
cross-section area is 2 x 3.44 x 103 x 2.4 cm?. Therefore, the copper path resistance is calculated
to be 1.34 uQ at each edge of the tape, or 0.67 pQ per tape based on the edge conduction. The
conduction through the tape middle is smaller than this contribution, but would in any case tend
to reduce the resistance per tape even further. The total resistance of the tape stack based on
these internal contributions would be 6.7 uQ. If the current spread out along the interface
between tapes to minimize interface contract resistance, this number would be on the order of
40 X higher, based on a current path along the tape width instead of along its thickness, which
leads to an upper bound for the contribution of the internal resistance components to the ten
stack resistance of 268 uQ. Comparing with resistance across the stack which is 2.15 mQ based
on our direct measurement, the copper path resistance is negligible, and therefore we can

conclude that the measured resistance is mainly the contact resistance of the tape surfaces.

34



REBCO+buffer
== “Hastelloy

B Cu

[ ——

S0 um

Figure 22: (a) Schematic of Coated conductor stack showing majority of current flow passing
through the tape edges (Cu). (b) Optical microscopy of the tape cross section near the tape edge.
(c) Thickness along the tape.

We note that the n is slightly dependent on temperature; it is interesting to consider if this is
due to the intrinsic properties of the oxide layer. As noted before, there is also a decrease with
applied pressure. It can be noticed that there is a significant difference in contact efficiency for
the two nominal non-pressurized cases measured in Rig 1 and Rig 2. This error is likely due to

Ill

differences in the nominal “zero pressure state” for these two measurements. Indeed, as shown

in Fig. 23, n drops quickly with increasing pressure in this low applied pressure regime, flattening
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out at higher pressures, where the agreement is better, and also the agreement with previous

measurements on both Cu-surface REBCO stacks [87] [90] [93].
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Figure 23: Contact efficiency vs nominal applied pressure at 77 K.

2.2 Controlling inter-strand contact resistance by hot pressing

A n of 180 pf) * cm? was achieved under a pressure of 10 MPa. However, based on some 2D
simulation studies, the onset value of n that can initiate effective current transferring in a REBCO
tape stack is around 10 uQ * cm? [96] [97] [98]. Hence, we tried hot pressing to further decrease

n between REBCO CCs.

The hot pressing protocol has been published in the paper titled as “Electrical Contact

Resistance in REBCO Stacks and Cables With Modified Surfaces [97].” Ten-layer REBCO coated
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conductor tape stacks with a length of 2.4 cm were sintered in the setup depicted in Fig. 24. The
two end screws were used to hold the fixture. Using a precision torque wrench pressures from 15
MPa to 33.4 MPa were applied by the top 5 screws (Major diameter = 4.170 mm) to the middle
steel plate and hence the planar stress could transfer to the tape stacks. Although the real
thickness of REBCO CCs can vary along the length and width, in this study, we assumed the stress
was uniformly distributed along with the tapes. For heat treatment under Ar, the stacks were
ramped at 10 °C/min to 300 °C, held for 30 min, and furnace cooled. The applied torque is
converted to force based on T = ¢ *D *F, where T is the applied torque, c is the coefficient of
friction of threads with the subscripts specifying different contacts (Csteel-steel = 0.42, Csteel-G10 =

0.21), D is the major diameter of the bolt, and F is the resulted axial force.

-

Steel screws

"

Sintered tape stack H

During the coil winding of a solenoid magnet, the applied tension can result in radial

Figure 24: Heat treatment setup made with steel.

compressive stress in the range of 20-60 MPa [99]. For a dipole magnet, the winding forces are
different. But, in any case, when the coil is operating, Lorentz force will generate radial stress in

the range of 1
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0-50 MPa to the cables [100]. Hence, we chose 15-33.4 MPa for heat treatment and 13.3 MPa for

all the measurements.

As listed in Table 2, five 10-layer tape stacks were heat-treated under different pressures at
300 °C for 30 min. Then the tape stacks were released, transferred to the measurement rig, Fig.
20, and measured under 13.3 MPa. Sample S1, consisting of 10 layers of as-received REBCO
coated conductor tapes and measured under 13.3 MPa from 4.2 K to 77 K without any pre-

treatment, was used as a baseline reference.

Table 2: Heat treated and Ni-plated samples

S1 Cold press sample; measured under pressure 13.3 MPa

S2 Heat treated sample, 20 MPa, measured under pressure 13.3 MPa

S3 Heat treated sample, 23.4 MPa, measured under pressure 13.3 MPa

S4 Heat treated sample, 26.7 MPa, quenched; measured under pressure 13.3 MPa
S5 Heat treated sample, 26.7 MPa, measured under pressure 13.3 MPa

S6 Heat treated sample, 33.4 MPa, measured under pressure 13.3 MPa

S7 Ni-plated sample; measured under 13.3 MPa

The minimum treatment required to build metallic bonding between tape surfaces was found
to be 20 MPa at 300 °C. Although previous research showed that the crystal structure and lattice
parameter change of REBCO in an oxygen deficient environment starts at a temperature above
530 °C [101], the critical current decreased as the REBCO CCs were heated to about 195 °C as a

result of the oxygen out-diffusion effect [102] [103]. However, we performed only low current
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measurements. Tests on the heat-treated tape revealed an onset critical temperature of about 90

K, which is similar to that of the as-received tape.

Looking at the results, we find n for S1 is 106 pQ * cm? at 4.2 K and 145 pf) * cm? at 77 K
under a pressure of 13.3 MPa. However, a further increase of pressure up to 200 MPa did not
significantly reduce n which remained ~ 100 pQ * cm? at 77 K [90]. As shown in Fig. 25(a), in
response to heat treatment under pressure above 23.4 MPa, the values of n of samples S3, S5,
and S6, dropped to around 10 pQ * cm? at 4.2 K and 19 p{) * cm? at 77 K. Increase of pressure
from 23.4 MPa to 33.4 MPa did not produce any further lowering of the n. It is interesting to note
that S4’s n was higher than that of any other sample sintered under pressure higher than 23.4
MPa over the entire measuring temperature range. This is because S4 had been quenched instead

of furnace cooled. Evidently, furnace cooling favors an ICR reduction.

It can be observed that the ICR of the heat-treated sample increased with temperature.
However, the changes in the measured ICR values with respect to temperature for sintered tape
stacks, S3, S5, and S6, were smaller above 40 K than those of S1 and the samples described in
[88]. We normalized the ICR data of each sample (S1-S6) to their corresponding ICR value

measured at 4.2 K and presented the results in Fig. 25(b) as 771/ na.2. As the temperature increases,

we observed some divergence of the curve envelopes, due to the fact that the contribution of
the metal stabilizer resistance is also included with these ratios. However, the fact that the
divergence is much smaller than the normalization ratios suggests that the main mechanism for

the ICR reduction is a “cleaning” of the surface — a reduction in the area coverage of the surface
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oxide layer by sintering. That is, ICR reduction can be explained at the zeroth order by the

reduction of intrinsic surface oxide in the oxygen deficient environment at 300 °C [104].
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2.3 Controlling inter-strand contact resistance by Ni-plating
Although the hot pressing process can provide an 7 that satisfies the onset requirement of

effective current transferring from one REBCO CC tape to another, this technique can only be used

at the sacrifice of the /. of the conductor. Therefore, | tried the Ni-plating process.

Ni-plating was performed using the standard two-electrode configuration depicted in Fig. 26.
Two 99.6% Ni plates (anode) on each side of the REBCO coated conductor tape (cathode) were
deposited. A magnetic rotor was used to agitate the solution, reduce dendrite formation, and

remove gas bubbles. The plating solution consisted of:

e NiSOs - 6H,0 (223.5 g/L)
e NiCly - 6H20 (72.5 g/L)
e H3BOs3(39.5g/L)
The solution was adjusted to a pH ~3.71, and no leveling agent was added. We tried different
plating temperatures from room temperature to 40 °C and varying processing time ranging from
10 min to 30 mins with a current density of 20 mA/cm?. For the particular sample shown in Fig.

27, we performed the Ni-plating at room temperature for 10 min, and thickness of the Ni layer is

10 um.
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Figure 26:Nickel plating setup

Figure 27: Ni-plated REBCO CC
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The aqueous plating solution described above in the previous section was acidic with a pH of
about 3.71. Moreover, the Cl" content in the solution was very high, almost that of a saturated
aqueous solution of NiCl,. The YBCO coated conductor tape was immersed in the solution for
about 3 min prior to plating. A magnetic rotor immersed in the plating bath, agitated the acidic
solution containing a high concentration of Cl, and was able to assist in the removal of the

passivation layer (mainly CuO) on the tape surface.

After plating, the tapes were placed in air for 30 days to fully develop a native oxide layer on
the Ni surface before they were assembled into a tape stack for measurement. To ensure a
minimal impurity level, no leveling agent was used in the process. As a result, the surface
roughness after Ni plating was similar to that of the as-received tape, as shown in Fig. 28.

Measurements depicted in Fig. 29 showed the nin of the 10-layer Ni-plated REBCO coated
conductor tape stack to be 2.7 p€) * cm?at 4.2 K and 4.6 p{) * cm? at 77 K. Also, the temperature
dependence of 1 was low, even lower than those of the sintered samples. We ascribed the

reduction of ICR to the thinner native oxide layer on the Ni surface (~1 nm) compared to that on
the Cu surface (~4 nm) [91] [105]. In addition, because the samples were measured under 13.3
MPa of compression, a thinner native oxide could facilitate the breakdown of the passivation layer,

and a lowering ICR.
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Figure 28 Surface roughness (Sa, the arithmetical mean height) measurement for a) as
received YBCO coated conductor tape and (b) Ni-plated tape.

In combination with the results of other studies by our group [96] [88], Fig. 30 depicts the
values of ICR achieved through various processing techniques and how these values relate to
current sharing in a particular REBCO coated conductor coil model [96]. In Fig. 30, the term, loss

power in defect, is the power dissipated in a localized defect that occurs in one of the turns of a

44



coil. Therefore, for a given size defect (which does not change) a lower power loss means that the
current is bypassing the defect more readily without causing large power dissipation because of
the lower ICR (i.e., the coil has a better current sharing ability). Based on the simulated results,

power loss in a defect will start to decrease when the 7 is smaller than 10 uQ * cm?, and this

regime can be achieved by the aforementioned two techniques (sintering and Ni plating). Of
course, the specific curve shown is for a particular coil, different coil geometries (or cables) would
have different curves, but in any case, a comparison of such curves with achievable ICR values is

of value. Further work on the control of ICR and modeling of current sharing/protection vs 7 is

ongoing.
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Figure 29: ICR reduction from Ni-plating
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2.4 Controlling inter-strand contact resistance by Ni replacement

From the previous section, we found that Ni-plating can significantly reduce the ICR between
REBCO CCs. Therefore, we conceived the idea to replace the Cu stabilizer with Ni. First, we
dissolved the Cu layer on the REBCO CCs via an electrochemical process. The REBCO CC was
connected to the anode and was immersed in an electrolyte consist of 1 M H,SO4 and 0.3 M
CuS04-5H;0. A Cu rod was used as cathode, and a saturated calomel electrode (SCE) was used as
the reference electrode. By applying a working voltage of 0.15 V, the Cu stabilizer layer could
effectively be dissolved in 3 hours while the Ag overlayer could be reserved. Then Ni-plating was
performed for 5 min with the same electrolyte introduced in the previous section. The final
structure of the processed conductor tape was presented in Fig. 31. The uniformity of the Ag

overlayer on the REBCO side was much better than that of the Ag overlayer on Hastelloy side and
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had a better surface conductivity. Therefore, the Ni-plating thickness on the REBCO side was ~4.5

um, while the Ni-plating thickness on the Hastelloy side was ~2.1 um.

Haste alloy

REBCO layer

| Silver Overlayer 4.94 44 4.44 umabo

Ni - stabilizer

| Silver Overlayer

Haste alloy

det modeHV  cur WD mag EPW  HFW
00 A 9.6 00 x 19 9 CBS Al 5.00kV 3.2nA 9.6 mm 3500 x 19.3 nm 59.2 ym

Figure 31: Structure of Ni-replacement sample

Then we made a 10-layer tape stack with the Ni-replacement sample and measured the ICR

across the taps stack. As shown in Fig. 32, the measured 7is ~40 € * cm? at 4.2 K and ~75 pQ *
cm? at 77 K. Surprisingly, the measured 7 of the Ni-replacement sample is about 15 times higher
than that of the Ni-plated sample. We ascribed the higher 7 to the increased surface roughness

due to the non-uniformity of the Ag overlayer on the Hastelloy side. The as-received tape had a
surface roughness of 658 nm, Fig. 28 (a). As presented in Fig. 33, although the surface roughness
of the Ni-layer on the REBCO side dropped from 658 nm to 439 nm, the surface roughness of the

Ni-layer on the Hastelloy side increased from 658 nm to 1125 nm.
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Figure 32: ICR measurement of Ni-replacement sample
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Figure 33:Surface roughness (Sa, the arithmetic mean height) measurement for a) Ni-layer on
the REBCO side (b) Ni-layer on the Hastelloy side.

2.5 Controlling inter-strand contact resistance by PANI-coating

The designs of REBCO turn-to-turn magnets or coils mainly follow two concepts, no-insulation
(NI) [70] [106] [107] and epoxy impregnation [108] [109] [110]. The no-insulation design can
provide good current sharing. On the other side, the epoxy impregnation design can provide
mechanical support and the insulating nature of epoxy can reduce the flow of coupling current.

In general, these two concepts can give the two extreme values of 75, metallic contact and
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insulating contact. However, a wide range of 7 values that can exist in between these two

extremes offers a tradeoff between current sharing and coupling current loss. Therefore,

achieving a low 77is not necessarily an end goal. The value of 77 should be practically determined

by applications.

As material scientists, we seek to provide as many options of 77 as possible. In addition, the

technique needs to be reproducible, easily controlled, and potentially converted into a
continuous process for large scale production. Therefore, we developed the conductive polymer
coating technique. The conductive polymer we chose is polyaniline (PANI), which has three
distinct oxidation states. The molecular structure of PANI is shown in Fig. 34 [111]. Wheny =1, it
corresponds to the fully reduced state of PANI, leucoemeraldine. When y = 0, it corresponds to
the fully oxidized state of PANI, pernigraniline. When y = 0.5, it corresponds to the partially
oxidized state of PANI, emeraldine. For each different state there are base and salt forms
depending on protonation state, as exemplified in Fig. 35 [112]. Table 3 summarizes the different

forms of PANI and their color and electrical conductivities [113].

Figure 34: Molecular structure of PANI [111]
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Table 3: Different forms of PANI [113]

PANI form Oxidation Electrical
protonation state conductivity
Leucoemeraldine Reduced and Transparent yellow 102 S*cm?
salt protonated
Leucoemeraldine Reduced and Yellow 102 S*cm?
base deprotonated
Emeraldine salt Partially oxidized and Green 104-10% S*cm?
protonated
Emeraldine base Partially oxidized and Blue 1012 S*em™?
deprotonated
Pernigraniline salt Oxidized and Violet 1012 S*em™?
protonated
Pernigraniline base Oxidized and Violet 1012 S*em™?
deprotonated

[chacta)

Yellow (leucoemeraldme)
'l- 4 B L - "L L B

4 i

4@ O Cy)
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® | _Green (emeraldine salt-conductor) ||

(OOO“QN !
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@Qﬂﬂ)

Figure 35: Different forms of PANI [112]
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We were particularly interested in the emeraldine salt form of PANI, the only conductive form.
It can be synthesized through an electrochemical process at working voltages of from 0.5V to 0.9
V[111][112][114][115] [116]. A schematic of the PANI coating setup is shown in Fig. 36. The Ni-
plated REBCO CCis connected to the anode, a graphite rod is used as the cathode, and a saturated
calomel electrode (SCE) is used as the reference electrode. We prepared three different types of

electrolytes:

1. 0.5 M H3S04 and 0.3 M Aniline
2. 0.5 M H3S04, 0.3 M Aniline and 0.3 M CuSO4-5H,0

3. 0.5 M H3S04, 0.3 M Aniline, 0.3 M CuSO4'5H,0, and carbon nanotube (CNT)

Reference electrode: SCE

I

Anode:

YBCO CC Cathode:

Graphite rod

Figure 36: Schematic of PANI coating setup
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For all the three electrolytes, we set the working voltage to 0.8 V, at which voltage we can
produce a green conductive form of PANI on the tape surface. Because the compositions of the
electrolytes are different, the solution conductivities are different. Therefore, we conducted the
polymerization process in 3 min for electrolytes 1 and 2, and 1.5 min in electrolyte 3. After the
coating process, we made tape stacks of the three types of coated tapes. Each tape stack
consisted of 10 layers and was heat treated at 50 °C under a compression of 23.4 MPa for 5 hours,
a process that turned the loose stack into a solid piece. Then, the electrical contact efficiency, n,
of the heat treated stacks were measured in the rig shown in Fig. 20 under a pressure of 13.3

MPa.

Fig. 37, 38, and 39 are the SEM images of the three aforementioned tape stacks. The thickness
of the pristine PANI interlayer is ~20 um. The thickness of the CuSO4 doped PANI interlayer is also
~20 um. The thickness of CuSO4 doped PANI interlayer with carbon nanotube (CNT) inclusion is ~

14 um.
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ETD 5.00 kV 0.20 nA 10.4 mm 350 x 193 nm

Figure 37: PANI coated REBCO CC tape stack.

det HV curr WD magtH PW
ETD 5.00 kV 0.20 nA 9.9 mm 500 x 135 nm

Figure 38: PANI (CuS0O4) coated REBCO CC tape stack.
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Figure 39: PANI (CuSO4 and CNT) coated REBCO CC tape stack.

The inter-strand electrical contact efficiency, n, measurements of the three types of PANI
coated REBCO CCs are shown in Fig. 40. The pristine PANI interlayer produced a n-value of 10000
uQ * cm? at 4.2 K and 13000 pf) * cm? at 77 K. When CuSO4 is added in the electrolyte solution,
the resulting Cu?* doped PANI gave a n-value of 6000 pQ * cm? at 4.2 K and 7500 pf) x cm? at 77
K. For the Cu?* doped PANI with CNT inclusion, the measured n-value is 2000 p{) * cm? at 4.2 K

and 2300 pQ * cm? at 77 K.
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Figure 40: nvs. Temperature for different types of PANI coating

The n-values achieved through the PANI coating process are more controllable than those in
which previous cases where n is governed by the surface passivation layer. The conductivity can
be adjusted by performing different levels of doping and adding different CNT concentrations. In
addition, the n-values will be proportional to the coating thickness which can be easily controlled

by changing the processing time.
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Chapter 3- FEM simulation of current sharing in REBCO coated conductors

As demonstrated in section 1.9, current sharing in HTS is controlled by inter-strand electrical
contact resistance (ICR), inter-strand thermal contact resistance (ITR), and boundary cooling
condition. In this chapter, we apply finite element method (FEM) simulation to a single tape and
three-tape cables, to study the current sharing behaviors in REBCO coated conductor (CC) tape

and cables. Part of this chapter was published in Ref. [117].

For the single tape model, we assumed a total length of 3 cm, with a pre-existing defect in
the middle of the tape. Defects of various sizes, ranging from 0.01 mm to 2 mm, in REBCO CCs
have been measured and studied [83] [84]. In this study, we assumed the defect had a length of
0.1 mm, across the entire tape width, and with a current ampacity of 0.1 J. (Fig. 41). The 20 um
of copper stabilizer was considered to be on both the top and bottom wide surfaces (i.e., 40 um

total) and on the side surfaces. More details are presented in Table 4.
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Figure 41: Geometry of half-tape (a) single tape model, and (b) three-tape stack model, with
positive and ground injection sites (“terminals”) shown. For minimization of computational time,
we only modelled the positive-x direction of the tape, assuming the y-z plane to give symmetry.

Table 4: Details about tapes used in both modes.

Width of REBCO 4 mm
Thickness of Cu 20 pum (40 pum total)
Thickness of Hastelloy 50 um
Thickness of REBCO 5um
Length of tape 3cm
Length of defect 0.1 mm
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E; 100 um/m

n-value 15
Ic (4.2K,8T) 596 A
Jc (4.2K,8T) 2.98*%1010 A/m?

A three-tape model “cable” was constructed by sandwiching one tape (with one small central

defect) between two tapes without defect.

ComsolMultiphysics was used for FEM numerical modelling of the temperature and current
distributions in the models. For both the single-tape model and three-tape model, the wide
surface of the tape was in the x-y plane, the conductor cross section was in the x-z plane, and a
mirror symmetry plane was assumed in the y-z plane at the half width of the conductor [118]
[119], this allowed us to reduce computational time by one half (we calculated current
distributions on the positive x-direction of the tape only and assumed symmetry, as shown in Fig.
41). The width, length, and thickness of the conductor were along the x-axis, y-axis, and z-axis,
respectively. To capture the properties of the buffer layers, we set the interface between REBCO
layer and the Hastelloy to be insulating. Voltages were applied to the ends of the conductors (the
conductor “terminals”), as circled in Fig. 41, with one end corresponding to a positive voltage
(current injection site) and with the other end of the conductor, to a “ground”, and the current

flowed from the positive terminal to the ground.
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Figure 42: Liquid helium cooling curve [120] [121].

In this work, we assumed that the conductors were immersed in liquid helium, cooling the
conductor’s surface. In the longitudinal direction, heat transfer was governed by the thermal
conductivity of the respective materials, REBCO, Hastelloy and copper, and the terminal surfaces
(the cross section of the ends of the conductor) were defined to be electrically conducting but
thermally insulating. The thermal conductivity of the Hastelloy, copper, and REBCO were obtained
from Ref. [119], [120], and [122], respectively. The electrical conductivity of Hastelloy and copper
were obtained from Ref. [119] and [123]. Based on Ref. [120] and [121], we used the cooling curve
shown in Fig. 42. Cooling from nucleate boiling peaks at 4.54 K, followed by a transition to film
boiling and a significant decrease in cooling power and heat transfer. Different values of the inter-
strand electrical contact efficiency, n (n = inter-strand contact resistance * contact area), and inter-
strand thermal insulance, w (w = inter-strand thermal resistance * contact area), were used as

input parameters to define contact properties, ICR and ITR. In addition, the temperature
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dependence of J. was taken into account, this led to an electrical conductivity for the REBCO as

defined in Equation 25.

T\/1\n 1
o =Jco (1 — —) (—)n EG™Y Eq.25

3.1 Current sharing limit in single tape model

In a real physical scenario, a power supply can operate in either voltage control mode or
current control mode. However, in either mode, in reality the power supply accomplishes this
task by manipulating the voltage drop (potential) across the sample. Thus, to model a scenario
similar to the physical case where a power supply attempts to maintain a fixed current through a
conductor (a power supply in current control mode), we defined the cross-sectional surface of
the entire tape end (including YBCO, buffer layers, substrate, and stabilizer), circled in Fig. 41 (a),
to be an equipotential surface. There was one such equipotential surface at the positive terminal,
and another at the ground, and the voltage drop across the tape (positive terminal to ground)
was set by the (FEM) program to result in a given current (and thus current density) through the
tape. In this manner we ran simulations at a series of defined current densities ranging from 0.5
Je to 0.96 J,, with the simulation showing the resulting distribution of current density and
temperature throughout the sample (tape) at each value of current density. Our goal was to
determine, for a given set of electrical and thermal conditions, the current density for thermal

runaway.
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Figure 43: Single tape model (a) current profile (red arrows indicate the direction of current flow
and relative magnitude of current density). Note that we are looking at the y-z plane where the
symmetry plane is inserted and the top surface x-y plane. The tape length along y, width along x,
and thickness along z. The defect is in the REBCO layer at a particular value of y. (b) temperature

profile.

As noted above, the defect (0.1 mm long) had a critical current density of 10% of J., and the
tape was immersed in liquid helium. The current density limit was 0.95 J, i.e., above 0.95 J., the

tape exhibited thermal runaway. The current distribution and temperature profile of the single
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tape model at J = 0.95 J. are presented in Fig. 43. As indicated by the red arrows in Fig. 43 (a),
current was carried by the REBCO layer before and after the defect (i.e., at value along the y-axis
closer to the positive or negative end of the tape), while this current redistributed into the top
copper stabilizer at y-positions near the defect region. The highest temperature of the tape was
found near the defect, and was 4.6 K; near here the current was redistributed into the copper
stabilizer. The power dissipated in the defect due to resistive heating was 4.824 mW. We see that
the tape could carry 95% of the nominal J. with minimal AT. Near the defect, the current was
shared into the matrix, and some local temperature rise was seen. Nevertheless, even with a
spatially small defect carrying only 10% of the nominal J., the excellent liquid He cooling enabled

minimal temperature rise.

3.2 Current sharing limit in cable model (bad contact, single central tape excitation)

First, we considered the case of bad inter-strand contact. Therefore, n was set at 5400 u( *
cm? [88]. We assumed that the thickness of the native oxide on the copper surface is 4 nm, and
calculated a resistivity based on n. Then we calculated the ratio between the n-based resistivity
and the resistivity of copper, and used the same ratio to conclude that the inter-strand thermal

insulance, w (w = ITR * contact area), was 5.54 K * m? /W.

Some models have demonstrated that at steady-state condition, current sharing was
determined by the termination resistances [124] [125] [126] [127]. Therefore, to better capture
the essence of current sharing around a defect, we ran a simulation where we only “applied
current” to the central tape (the one with the defect); more precisely we defined the positive

terminal equipotential to be only on the cross section of the end of the central tape (the one
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with the defect), and the ground terminal was defined to be only at the other end of the central
tape , including REBCO layer, buffer, substrate, and stabilizer. The central tape was in electrical
and thermal contact (with defined interfacial values) with the upper and lower tapes via the tape

surfaces, but not the tape ends.

The voltage drop across the cable was chosen to drive set currents of up to 0.6 /. (single tape
Ic) to flow in the cable. The current redistributed as it neared the cable’s middle point between
the terminations (near the defect); here the REBCO layer of the central tape only carried 0.17 /..
The maximum temperature of the defect was 6 K (Fig. 44 (b)). The current redistributed around
the defect mainly into the copper stabilizer. As demonstrated in Fig. 44 (c), due to the high ICR
and ITR, the REBCO layers in the lower and upper tapes carried only a small fraction of the
redistributed current, 5*10° /. (1.5*10° A/m?) in each tape, the majority of the current being
shared into the Cu stabilizer. As the current bypassed the defect, the redistributed current in the
Cu stabilizer and the REBCO layers of the top and bottom tapes went back into the REBCO layer

of the central tape and traveled to the ground terminal via the least resistive path.

In this case, a high inter-strand electrical contact resistance (ICR) and inter-strand thermal
contact resistance (ITR) kept the level of current sharing small. In comparison with the single tape
model, section 3.1, as a result of reduced cooling and minimal current sharing, the maximum
allowed power dissipated in the defect (2.601 mW) of the 3-tape cable is smaller than that in the

single tape.
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Figure 44: Three-tape stack model and we are looking at yz plane (n = 5400 uQ*cm?, w = 5.54
K*m?/W) (the middle tape is marked by the two green dashed line); (a) current profile (red
arrows indicate the direction of current flow and relative magnitude of current density), (b)

temperature profile, (c) current distribution in the REBCO layers along tape length.
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3.3 Current sharing limit in cable model (good contact, single central tape excitation)
Next, we considered the case of good inter-strand contact. We assumed a 7 of 10 pf) * cm?

[97] and used the same method as described in section 3.2 to calculate the inter-strand thermal

insulance, w, which turned out to be 0.01 K¥m?2/W. As shown in Fig. 45 (b), compared to section

3.2, given the same current input (0.6 /. of one tape), due to reduced ICR and ITR, the maximum
temperature at the defect spot decreased from 6 K to 4.8 K, and the power dissipated in the
defect (2.564 mW) also decreased. Based on the current profile, Fig. 45 (a) and (c), a current of
0.004 /. (Jc = 1.2*10% A/m?) became redistributed to each of the REBCO layer of the upper and
lower tapes. Following the defect, the redistributed current went back to the REBCO layer of the
central tape. This is because only the cross-section surface of the end of the middle tape was set
to be the equipotential ground terminal and the REBCO layer was the least resistive path for
current transferring through the tape. Current sharing to the adjacent REBCO CC tapes increased
about 800 times due to the reduction of ICR and ITR. In addition, 0.6 /. is apparently not the
limiting current in this three-tape cable, given the lower temperature and reduced power loss in

the defect.
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Figure 45: Three-tape stack model and we are looking at yz plane (n = 10 uQ*cm?, w = 0.01

K*m?/W) the middle tape is marked by the two green dashed line); (a) current profile (red

arrows indicate the direction of current flow and relative magnitude of current density), (b)
temperature profile. (c) current distribution along tape length.
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3.4 Current sharing limit in cable model (thermally insulating inter-strand contact)
To better demonstrate the contribution of ITR and cooling to the current sharing limit in
REBCO cable, we set the inter-strand thermal contact to be insulating, and performed two

addition simulations with two different values of 7, for good electrical contact, 10 p(l * cm?, and

bad electrical contact, 5400 p€) * cm?.

Temperature profile at 0.7 Jc (K) 600

500

N

200

100

I
z

Figure 46: Thermal runaway in REBCO cable with insulating inter-strand thermal contact and an
inter-strand electrical contact efficiency of 10 puf2 * cm?

Temperature profile at 0.7 Jc (K) 25

T
z

Figure 47: Thermal runaway in REBCO cable with insulating inter-strand thermal contact and an
inter-strand electrical contact efficiency of 5400 uQ*cm”2
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The results are presented in Fig. 46 and 47. When 0.6 /. was applied though the cable, thermal

runaway happened in both cases.

3.5Current sharing limit in cable model (metallic contact, defined voltage)

In this simulation, the cross-sectional areas of the ends of the three tapes, at for example the
positive terminals, were set to be at one equipotential, and the cross-section of the ends of the
three tapes at the ground end of the cable were set to a second equipotential (zero in this case).
Again, the whole of the tape (and cable) cross section was set to these equipotentials, including
REBCO, buffer layers, substrate, and stabilizer. The voltage drop across the cable was chosen to
achieve a set current density of 3.05 /.. As presented in Fig 48 (a) and (c), the current density in
each tape changes along the length of the cable, as we might expect in the presence of a defect.
At the positive terminal of the cable, the top and bottom tapes carried 1.05 /;, with the middle
tape carrying 0.95 /. and currents were carried by the REBCO layer within each tape. Towards the
defect, the current in the REBCO layer of the central tape became redistributed away from the
defect, into the top and bottom tapes and to a small extent into the copper stabilizer. Halfway
between the two terminals (the longitudinal location of the defect), the current density in the
REBCO layers of the top and bottom tapes became 1.28 times /. of the tape, while the current
density in the REBCO layer of the central tape was 0.16 /.. Here I. always refers to the /. for an
undamaged single tape. The result was consistent with previous studies [84]. Moreover, from the
temperature profile, Fig. 48 (b), the temperature at the defective spot was near 4.37 K, which is
still below the nucleate boiling peak temperature. Hence, even 3.05 /. does not appear to be the
limiting current. Compared with the single tape model, section 3.1, given two additional
neighboring tapes, a defective cable (3-layer tape stack) can carry a current density (3.05 /) that
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is greater than the nominal critical current density (3 /), while a single defective tape can only
carry 0.95 /.. In addition, because the current in the central defective tape can be shared into its

neighboring tapes, the power dissipated in the defect due to joule heating is reduced.
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Figure 48: Three-tape stack model (no contact resistance) and we are looking at y-z plane (the
middle tape is marked by the two green dashed line); (a) current profile (red arrows indicate the
direction of current flow and relative magnitude of current density), (b) temperature profile, (c)

current distribution in the REBCO layers along tape length.
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We kept on increasing the applied current through the cable to investigate the current sharing
limit in this scenario. As shown in Fig. 49, the maximum achievable current is 4.0 times Ic of a

single tape, which gives a current sharing metric of 1.33.

(a) %1010
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Figure 49: Current sharing limit in REBCO cable given metallic inter-strand contact (a) Current
distribution in the cable, (b) Temperature profile of the cable.
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3.6 Current sharing limit in cable model (good contact, defined voltage)
Section 3.5 describes the most ideal case where the inter-strand contact is purely metallic.

We now want to consider some real cases. First, we considered the case of good inter-strand

2
contact. Hence, in this simulation the n and w were set to be 10 pf * cm? and 0.01 K*mW,

respectively. We found that the maximum achievable current in this cable is 3.15 /. of a single
tape, which led to a current sharing metric of 1.05. As shown in Fig.50, the current distributions
at the defect were 1.19 I, 0.18 I, and 1.19 /. in the top, central, and bottom REBCO layers,
respectively. The copper stabilizer in the middle defective tape carried the remaining 0.59 /.. The
maximum temperature at the defect was 5.2 K. Because the current terminals were set to be
equipotential surfaces, current transfer actually took place at the terminals where the current

distributions to the top, central, and bottom REBCO layers were 1.19 /., 0.77 I, and 1.19 /..
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Figure 50: Equilibrium state current sharing limit in REBCO cable given good inter-strand contact
(a) Current distribution in the cable, (b) Temperature profile of the cable.

3.7 Current sharing limit in cable model (bad contact, defined voltage)

Then we investigated the current sharing limit for bad contact scenario, where n and w were
set to be 5400 uf) * cm? and 5.54 K * m? /W respectively. By setting the current terminals to be
equipotential surfaces, the maximum achievable current though this cable was 2.70 /., giving a
current sharing metric of 0.9. Compared to the cases discussed in section 3.5 and 3.6, the reduced
current sharing metric is caused by the increased inter-strand contact resistance. Fig. 51 shows

the current distribution and temperature profile in the cable. At the defective spot, the maximum
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temperature reached 5.1 K. Also, the current distribution in the top, central, and bottom REBCO
layer was 1.18 I, 0.17 I, and 1.18 /. respectively, and the copper stabilizer in the central defective
tape carried 0.17 when the applied current reached the defect. In this case, current transfer
happened at the current terminal as well, and the current distribution at the current terminal was

1.18 I, 0.34 I, and 1.18 I in the top, central, and bottom REBCO layers.

(a) Current density at 2.70 Ic, tape(A/m?)

Temperature profile (K)

4.3

Figure 51: Equilibrium state current sharing limit in REBCO cable given bad inter-strand contact
(a) Current distribution in the cable, (b) Temperature profile of the cable.
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The cases discussed in section 3.6 and 3.7 can be regarded as equilibrium states. The defect
is pre-existing in the cable, and current is gradually applied to the cable until it reaches its

maximum value.

3.8 Current sharing limit in cable model (good contact, defined current)

We are also interested in the transient current sharing limit in the REBCO cable when the
defect is created during operation. By setting the inter-strand electrical contact efficiency, n, to
be 10 uQ * cm? and the inter-strand thermal insulance, w, to be 0.01 K * mZ/W, we found that,
given good inter-strand contact, the current sharing metric is 0.9. As shown in Fig. 52, when the
same amount of current was applied to each individual tape, the maximum current that could
pass this defective cable with good inter-strand contact was 0.9 /¢ in each tape (3*0.9=2.7/cin the
cable). At the current terminal a current of 0.9 /. was applied to each tape. At the defective
position, current transfer took place, leading to a current distribution in the top, central, and
bottom tapes of 0.91/.,0.18 I, and 0.9 /. respectively. The Cu stabilizer of the central tape carried

0.71 I at the defective position. The hotspot reached a temperature of 5.8 K.
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Figure 52: Transient state current sharing limit in REBCO cable given good inter-strand contact
(a) Current distribution in the cable, (b) Temperature profile of the cable.

3.9 Current sharing limit in cable model (bad contact, defined current)

We then instigated the transient state current sharing limit in the defective cable with bad
inter-strand contact. As shown in Fig. 53, the maximum current that could be applied from the
terminal to each tape of the cable is 0.55 /., giving a current sharing metric of 0.55. At the defect,
the hot spot temperature reached 5.9 K, and current redistributed to 0.55 /;, 0.17 /., and 0.55 /.

in the top, middle, and bottom tape respectively.
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(a) Current density at 3*0.55 Ic, tape (A/m?)

(b) Temperature profile (K)
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Figure 53:Transient state current sharing limit in REBCO cable given bad inter-strand contact (a)
Current distribution in the cable, (b) Temperature profile of the cable.

Comparing the cases described in section 3.8 and 3.9 to their counterparts in section 3.6 and
3.7, we found the transient state current sharing limit/metric for a REBCO cable given certain
inter-strand contact properties and cooling condition is much lower than the equilibrium state
current sharing limit/metric for the same cable with identical cooling condition. Hence, we

conclude that the lower limit needs to be considered during magnet design.
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Chapter 4- Magnetization, flux creep, and AC loss measurement for

REBCO tapes and cables

HTS are being considered promising materials for manufacturing high field dipole,
guadrupole, and insert magnets. The field quality of a magnet can be significantly affected by
both geometric (or winding) error field and magnetization error field. The geometric error field is
a fixed and predictable error that can be easily corrected. However, the error field from conductor
magnetization is more difficult to remove. There are two contributions to magnetization: eddy
currents, whether in the sheath itself, or as coupling currents within or between strands [128]
[129], and the magnetization from hysteretic (or “persistent currents”) [128] [130]. This
magnetization is proportional to the critical current density and filament diameter of the
superconductor [45]. Compared with low temperature superconductors (LTS) [46] [47], HTSs
have much larger filament diameters [48] [49] [50], hence magnetizations, than LTS. In addition,
the magnetization in a HTS also suffers from flux creep due to week flux pinning. Therefore, it is

necessary to quantify the magnetization and its creep component and to control the error field.

4.1 Magnetization and flux creep in STAR cables

Symmetric Tape Round (STAR) REBCO wire fabricated with REBCO CCs by advanced MOCVD
is a promising candidate for high field applications because of its outstanding current carrying
ability and current retention under bending radii as small as 15 mm [131] [132] [133]. We received
a STAR cable from the University of Houston and AMPeers LLC., and took a segment of the cable
for magnetization and flux creep measurements. Table 5 tabulated detailed specifications of this

STAR sample.
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Table 5: Specifications of STAR sample

Cable properties

Wire OD (mm) 2.25
Cu core OD (mm) 0.81
No. tapes 11
Tape width (mm) 1.4 (x1), 1.95 (x2), 2.55 (x8)
Cu plating thickness (um) 25
Substrate thickness (um) 20
Icat 77 K (A) 725

Sample properties

Sample length (cm) 2.78
Vcable (cm3) 0.1105
Viape (cm?) 0.0564
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The magnetization and flux creep of the STAR sample were measured by a 12-T hall probe
system [51] [53] [134] [135], Fig. 54. The conduction cooled solenoid can generate a magnetic
field from -12 T to 12 T. The system includes is a varitemp dewar with its tail inserted into the
bore of solenoid. The hall probe, along with the sample to be measured are inserted into the
dewar. In our STAR cable measurements, the dewar was filled with liquid He and all

measurements were conducted at 4.2K.

Figure 54: 12 T hall probe system

Because there was a small amount of ferromagnetic materials in the setup, several M-poH
were measured without the presence of the sample to acquire the background signal as a

function of applied field and applied field history.
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We first measured a 99.5% pure Ni standard with dimensions of 2 mm * 10.5 mm * 28.8 mm.
The theoretical saturation magnetic moment of Ni is 0.64 T, equivalent to 509.5 emu/cm3. Given
the dimension of the Ni standard, we calculated the theoretical magnetization of the Ni strander.
By comparing the theoretical value to the measured field difference between the sample and no
sample cases, a calibration constant was determined and then used to convert the measured B
to m, as shown in Fig. 55 [53]. This Ni-calibration constant was applied to the later data analysis

for the STAR cable.
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Figure 55: Plot of expected nickel magnetic moment vs measured background corrected
magnetic flux density. The slope of the fit is the calibration constant that converts a measured
background corrected magnetization to a magnetic moment.

In addition, because the active area of the Hall sensor is smaller than the size of our sample.
A shape sensitivity factor was needed. The Meissner effect in a superconductor leads to complete
magnetic flux exclusion from the inside of a superconductor as long as the externally applied field
is smaller than its flux penetration field. Therefore, theoretically the susceptibility of a
superconductor is -1, giving M = —Hg,p1ieq - In real cases, geometrically dependent

demagnetization needs to be taken into account. For a round cylinder, for example the STAR cable,
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the demagnetizing factor is 0.5, leading to a relation of M = —2H ;4. Hence, by correcting
the slope of the measured data at the initial ramp up to -2, we determined the shape sensitivity
factor. With both the Ni-calibration factor and the shape sensitivity factor, we processed the

measured data.
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Figure 56: Cable volume normalized M-uOH of STAR sample

Fig. 56 shows the M-uoH curve of this STAR sample measured from -4 T to 8 T. The
magnetization of the sample was normalized to the total cable volume. The maximum cable
volume normalized magnetization of the STAR cable was 1140 kA/m. The flux penetration field

was around 1.2 T at which field the cable volume normalized magnetization was 820 kA/m.
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Figure 57: Tape volume normalized M-uOH of STAR sample

We were also interested in the magnetization of the constituent tapes. Therefore, after
completion of the measurements, we dissembled the cable, measured the volume of the tape,
and calculated the tape volume normalized magnetization. As shown in Fig. 57, the maximum
tape volume normalized magnetization based on our direct measurement was 2233 kA/m. We
want to verify our measurement with theoretical calculation. The magnetization of a tape, Myqpe,

with helical structure can be calculated based on Equation 26, where /.. is the critical current
density of the superconductor tape, a is the half width of the tape, and % is a geometric factor to

take into account the helical structure [52] [136]. Theoretical calculation gave us the tape volume
normalized magnetization of 2098 kA/m, which was in reasonably good agreement with our

direct measurement. 2233 kA/m.
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Figure 58: Magnetization decay for 1800 s for fully flux penetrated STAT cable.

Next, we investigated the flux creep behavior of the STAR cable. We applied the field
sequence as 0—4 T—-2 T—1 T to make sure the sample reached the fully flux penetrated state,
and then held the sample under 1 T for 1800 seconds to observe the flux creep. As shown in Fig.
58, the initial magnetization at the fully flux penetrated state was around 1060 kA/m. After 1800

s, the magnetization decayed by 13% to 920 kA/m.

As introduced in section 1.6, flux creep in a superconductor is proportional to the initial

kgT

magnetization, according to Equation 20, M (t) = My[1 — ”
0

ln(ti)]. Hence, reducing the initial
0
magnetization is a viable method to reduce flux creep. The initial magnetization can be controlled
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by applying pre-injection field cycles [134]. Hence, in the following set tests, we applied the field
sequence 0—4 T-x—1T, where the values of x were 0T, 0.2 T, 0.4 T, and 0.8 T. The M-pgoH curves
with different hold fields, x, are displayed in Fig. 59. Then the sample was held for 1800 s under 1

T. The flux creep with different initial magnetizations due to different hold fields are displayed in

Fig. 60.
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Figure 59: Cable volume normalized M-uOH of STAR sample with different hold fields.
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Figure 60: Flux creep in STAR cable with different hold field (0T, 0.2 T, 0.4 Tand 0.8 T)

Table 6: Initial magnetization and flux creep of STAR cable measured with different hold field.

Hold field (T) Initial M (kA/m) Flux creep (kA/m)
0 -505 kA/m 17.2 kA/m
0.2 -422 kA/m 12.2 kA/m
0.4 -210 kA/m 7.1 kA/m
0.8 185 kA/m -5.8 kKA/m
2 -1058 kA/m 66 kA/m

Table 6 shows the initial magnetizations and the resulting flux creep of the STAR cable. At the
fully penetrated state, a hold field of -2 T, the initial magnetization was -1058 kA/m and the flux
creep was 66 kA/m. At a hold field of 0 T, the initial magnetization was -505 kA/m and the flux
creep was 17.2 kA/m. At a hold field of 0.2 T, the initial magnetization was -422 kA/m and the flux

creep was 12.2 kA/m. At a hold field of 0.4 T, the initial magnetization was -210 kA/m and the flux
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creep was 7.1 kA/m. At a hold field of 0.8 T, the initial magnetization was -185 kA/m and the flux
creep was -5.8 kA/m. With these measured data, we plotted the M, vs. §M in Fig. 61. We

concluded that for this particular STAR cable 6M = —14.71 + 13.94 * exp(—0.0017 * M,).
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Figure 61: Flux creep as a function of initial magnetization for the STAR cable

4.2 AC loss measurement of a single Ni-replacement REBCO tape

AC loss measurements were carried out with the spinning magnet calorimeter (SMC) at the
air force research laboratory (AFRL). The SMC has an 8-pole permanent magnet rotor in a Halbach
configuration, Fig. 62 [137] [138]. The SMC can achieve a maximum field of 0.566 T, and at the

maximum RPM of 3600, it can generate a maximum dB/dt of 543 T/s. Tests are conducted in a
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liquid nitrogen environment. The sample AC loss is measured by the calorimeter based on the

liquid nitrogen boiloff.
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Figure 62: (a) An 8-pole permanent magnet rotor in a Halbach configuration [137], (b) 3D
schematic of spinning magnet calorimeter system with cut away view, and calorimeter with
sample inserts [138].

Before the samples were measured, two calibration runs were conducted to get the baseline

nitrogen boiloff rate for later data analysis. The calibrations are shown in Fig. 63.
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Figure 63: Calibration runs for SMC.

The first sample measured was a single tape processed by the Ni-replacement technique,
section 2.4. The AC loss of this sample under frequencies varying from 10 Hz to 120 Hz are
presented in Fig. 64. The fitting curve of the AC loss vs. frequency showed slightly 2" order
polynomial, indicating that the loss consisted of two parts, hysteresis loss and Eddy current loss.
Therefore, the loss, Py, can be expressed as equation 27, where the first term represents the
hysteresis loss, the second term represents the eddy current loss, w is width of the tape, I, is the
critical current, B4 is the amplitude of the sweeping field, f is the frequency of the sweeping

field, and p is the resistivity of the metal layer [138].

2

s
PAC(hys+eddy) = Wl Bpaxf + 5 (Bmaxwf)z Eq.27
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Figure 64: AC loss of Ni-replacement sample

Dividing both sides of equation 27 by wB,,,.f, we get equation 28 that has the critical
current of the REBCO tape as intercept and the eddy current loss constant, Cegq,, as slope [138].
For this particular Ni-replacement sample, shown in Fig. 65, the extracted critical current is 102.5

A at 77 K, which is in the reasonable range of a REBCO CCs [68].

2

PAC(h +eddy) T
W =1+ 5Bmaxwf = I, + Coaayf Eq.28
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Figure 65: Critical current of the Ni-replacement sample based on AC loss measurement.

4.3 AC loss measurement of a 9-layer Ni-plated Roebel cable

Next, we measured the AC loss of a 9-layer Ni-plated Roebel cable using the same approach
described in section 4.2. As listed in table 7 [139], the Roebel cable consisted of 9 tapes. The
original tapes, manufactured by SuperPower Inc., were sent to Karlsruhe Institute of Technology
for cutting and winding into a Roebel cable. Each individual tape in the cable had a width of 5.6
mm. Given an inter-strand gap distance of 0.4 mm, the width of the cable was 11.8 mm. The cable

had a twist pitch length of 126 mm and the /. of the cable measured at 77 K was 1168 A.

Table 7: Specifications of Roebel cable [139]

Parameter Specification
REBCO tape manufacturer SuperPower Inc.
Roebel cable manufacturer Karlsruhe Institute of Technology
Number of Tapes 9
Tape Width (mm) 5.6
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Cable Width (mm) 11.8

Tape thickness (mm) 0.1
Pitch Length (mm) 126
Cross-over angle (degree) 40
Inter-strand gap (mm) 0.4
lc at 77 K (A) 1168
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Figure 66: AC loss measurements of Ni-plated Roebel cable.

We did two measurements on this cable with a field amplitude of 0.566 T and a sweeping
frequency from 10 to 120 Hz. The results are presented in Fig. 66. The two measurements, which

provided highly consistent results, showed a weak quadratic frequency dependence.

Because the tapes in this Ni-plated Roebel cable were in loose contact, they possessed a high

inter-strand electrical contact resistance. As a result, the coupling current loss should be negligible
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and the measured loss should be comprised of two components, hysteresis loss and eddy current
loss, as demonstrated in equation 27. At low frequency, hysteresis loss was dominant, while at
high frequency, eddy current loss was the major loss component. Therefore, we used the low
frequency data to extrapolate a linear relation between hysteretic loss and frequency. After
extending this linear fit and the 2" order polynomial to 200 Hz. We found, in Fig. 67, that at a

frequency of 200 Hz, the eddy current loss component became 39% of the total loss.
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Figure 67: Total AC loss and Hysteresis loss in the Ni-plated Roebel cable.

However, when we tried to extract the /. from AC loss measurements, as shown in Fig. 68, we
found that the extrated /. of a single tape was only 34.30 A. This is much smaller than the nominal

Ic of a single tape, which is 130 A.

94



56

sa ] Y =0.1632x + 34.301

21 R?=0.9193

| (A)

50 4

48 -

46

44 T T T
60 80 100 120

Frequency (Hz)
Figure 68: Critical current of the 9-tape Ni-plated Roebel cable based on AC loss measurement.

To explain this reduced /c, we note that equation 27 and 28 only apply when the
superconductor is fully flux penetrated. However, based on previous study, the flux penetration
field of the original Roebel cable is around 1.2 T. Fig. 69 [52]. Ni-plating does not change the flux
penetration field significantly, so the Ni-plated Roebel cable should have a similar flux penetration
field as the original tape. The maximum field amplitude of the SMC at 0.566 T is much smaller
than the sample flux penetration field, 1.2 T, so a strong demagnetization effect existed in the
sample. By comparing the extracted /¢, 34.30 A, with the nominal I, 130 A, the demagnetization

factor was about 3.79.

At a demagnetization factor of 3.79, the eddy current constant of the Ni-plated Roebel cable
should be Ceqqy = 3.792 x 0.1632 = 2.34 if the cable is fully flux penetrated. Given a room

temperature electrical resistivity of Cu to be 1.7*10® 2 * m, a room temperature electrical
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resistivity of Ni to be 7*108 Q2 * m, and assuming the RR (P30 x/P 771 ) Of both the electro-plated
Cu and Ni to be approximately the same (~10), the eddy current in the Ni-placed Roebel cable
should mainly flow in the Cu layer because Cu had much lower resistivity than Ni, while the eddy
current in the Ni-replacement REBCO tape, discussed in section 4.2, should mainly flow in the Ni

layer. Therefore, theoretically the eddy current constant of the Ni-plate Roebel cable should be

Ni—plated/ . WNi—replacement/
Pcu: p

w
5.76 times that of the Ni-replacement sample ( v;)- Based on

our direct measurement, the ratio of the eddy current constants is 2.34/0.45 = 5.2, which was in
reasonable agreement with the theoretical value, 5.76. In addition, it can be concluded that
replacement of the Cu stabilizer on the REBCO CCs with Ni can be an effective method for reducing

the eddy current loss in coated conductors.
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Figure 69: Magnetization of Roebel cable measured under sweeping field with different
amplitude [52].
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Chapter 5- AC loss simulation in REBCO conductors.

AC loss has been a limiting factor for the applications of REBCO conductors in time-varying
magnetic fields. Therefore, understanding and quantifying the AC loss of REBCO conductors in a
time-varying magnetic field is necessary. In this section, | will introduce several models that can

be used to predict the AC loss of REBCO coated conductors.

5.1AC loss in two-tape stack with different inter-strand properties
The first set of models were two-tape stacks. We considered two scenarios, one with pure
metallic inter-strand contact property, Fig. 70 (a), and the other with insulating inter-strand

contact property, Fig. 70. (b).
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Figure 70: Two-tape stack model (a) metallic inter-strand contact, (b) insulating inter-strand
contact.
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Table 8:Parameters of two-tape stack model.

n value 20
YBCO width 4 mm
YBCO thickness 2 mm
Ic of tape 150 A
Diluted Jc 2.4E7 A/m?
Thickness of Cu 0.2 mm
Barrier thickness 0.1 mm
Barrier resistivity 5000 O*m
Frequency 50 Hz
Bmax 01T

Table 8 listed the parameters used in this two-tape stack model. When the two-tape stack
was placed into a time-varying magnetic field with an amplitude of 0.1 T and frequency of 50 Hz,
the AC loss in the two scenarios with two different inter-strand contact property were almost
identical. The total loss per cycle was 0.192 J/m, with 0.188 J/m distributed in the
superconductors and 0.0038 J/m distributed in the Cu stabilizer. Comparing the two scenarios,

the AC loss in the resistive barrier was negligible.

Then we investigated the demagnetization effect of overlayed tapes with this two-tape stack
model. We compared the relative permeability of the two-tape stacks with and without the

superconductor parts. As shown in Fig. 71, when the superconductor parts were present, at a
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field amplitude of 0.1 T, the middle region of the stack was shielded away from magnetic flux,
leading to a relative permeability of u, ;:nsc = 0.22. When the superconductor parts were
replaced with air, the stack was fully penetrated at 0.1 T, and the relative permeability of the
structure became u, ,, 5. = 0.83. Hence, we could conclude a demagnetization factor of
0.83/0.22 = 3.77, which was a good agreement with the result of direct measurement, 3.79,

described in section 4.3.

Figure 71: Magnetic flux in the two-tape stack (a) with superconductor (b) without
superconductor

5.2 AC loss in seven-tape Roebel cable with good inter-strand contact

Then we investigated the AC loss in a more complex structure. A 2D seven-layer Roebel cable
was made as shown in Fig. 72. In this case, we assumed the inter-strand contact to be metallic.
Therefore, capturing the transposing structure of the Roebel cable was critical to achieve precise
simulation of the AC loss induced due to the inter-strand coupling current. The 2D model, hence,

was built to mimic the cross-section circled in Fig. 73 [140].
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Figure 73: 3D structure of Roebel cable [140]
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Table 9: Parameters of seven-layer Roebel cable model

n-value 20
YBCO width 4 mm
YBCO thickness 2 mm
Ic of single tape 150 A
Diluted Jc 2.4E7 A/m?
Thickness of Cu 0.2 mm
Gap distance 0.3 mm
Frequency 50 Hz
Bmax 01T

Table 9 lists the input parameters of the seven-layer Roebel cable model. Given a field
amplitude of 0.1 T and a frequency of 50 Hz, the evolution of magnetic flux and magnetic flux
induced current in the seven-layer Roebel cable was calculated. The results are presented in Fig.

74 and 75.
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Figure 74: Evolution of magnetic flux and magnetic flux induced current in the seven-layer

Roebel cable from 0 s to 0.0075 s.
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Figure 75: Evolution of magnetic flux and magnetic flux induced current in the seven-layer
Roebel cable from 0.0075 s to 0.015 s.
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According to the current profiles shown in Fig. 74 and 75, the induced current went into the
page from one side of the cable, bridged through the top tape, and flowed out of the page from
the other side of the cable. Moreover, the current distribution was dominant in the
superconductor regions. The total AC loss per cycle from the simulation was 0.78 J/m, giving 0.75
J/m in the superconductor and 0.023 J/m in Cu. Therefore, the simulation signals a strong

recoupling effect, which implies that the multi-strand cable behaves like a bulk superconductor.

To better understanding the simulation result, we compared the simulation to a direct AC loss
measurement of a Roebel cable conducted by our group [141]. The Roebel cable get measured in
ref. [141] had specifications as shown in table 10. In this real cable, the number of tapes was 15,
and the twist pitch was 30 cm. Effective current transferring from one tape to another was
ensured in this cable by soldering the tapes face to face by Cu strips. As shown in Fig. 76, under
a field amplitude of 0.1 T and a frequency of 50 Hz, the AC loss per cycle of the cable was around
0.61 J/m. The fact that the power loss was not frequency dependent indicate that the cable was

recoupled.

Table 10: Cable specification of Roebel cable [141]

Cable width, w.(mm) 12
Cable thickness, a (mm) 1.5
Cable twist pitch, L, (cm) 30
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Cable length (cm)

Number of tapes in the cable, N

Tape width, w (mm)

Tape thickness (mm)

Cable I, (77.3 K, self field) (A)

Cu strip width (mm)

Cu strip length (mm)

Cu strip thickness (mm)

Cu strip separation on one side of the cable (cm)

Cu strip separation on top and bottom side of the cable (cm)

Number of Cu strips

30

15

0.1

1537.5

11

0.1

38
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Figure 76: AC loss measurement of 15-tape Roebel cable with soldered Cu shims in between
tapes [141].

Because the model we used for AC loss simulation was 2D, it was not able to demonstrate the
twist pitch, which was a 3D character. To better compare the simulation with the experimental
result, some adjustments were needed. The unit of the AC loss from the simulation is J/m per
cycle, which entails an underlying message that the twist pitch assumed by the software in the
simulation was 1 meter, which was 3.33 time of the twist pitch of the real 15-layer Roebel cable.
The recoupling current loss per meter is linearly dependent on the twist pitch of the cable, the

sheet critical current density of the cable (I./w), and the square of the of the conductor width of
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the cable. Therefore, the AC loss per cycle of thel5-layer Roebel cable can be calculated based

15375 (A 2
on the seven-tape model as, 0.78 (#) * (ﬁ) * (15(;’:”2;(’"(2)) * (0%0019217:”) = 0.494 (#). The
0.0091 \m

relative error between the calculated AC loss and the experiment result is 19 %, and this is an

acceptable error for AC loss simulation.

We further verified the recoupling result by some theoretical calculations. For the
superconductor to reach the recoupling state in the time varying field, the frequency of the field
needs to be greater than the critical frequency, f;. This frequency is given by equation 29, where
p is the resistivity of the Cu stabilizer, uyis the permeability of free space, u, is the relative
permeability of the cable, and L, is the twist pitch length [142] [143]. Given a twist pitch of 30
cm, from table 10, and a relative permeability of 0.22, from section 5.1, the critical frequency, f;,
for recoupling the Roebel cable is around 1.04 Hz. Hence, given a field frequency of 50 Hz, the

Roebel cable should ensure recoupling.

4mtp

fl:uo*ur*L,%

Eq.29
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Chapter 6- Transvers mechanical properties of REBCO coated conductors.

From the previous chapters, we can conclude that the inter-strand contact properties play
significant roles in the applications of REBCO CCs because they will determine current sharing and
AC losses in a REBCO CC. One of the easiest and direct way to control the inter-strand contact
properties is applying compression. Hence, it is necessary to know the mechanical behaviors of

tape stacks and cables under pressure.

The last section in this dissertation is the transverse mechanical properties of REBCO CCs, and
the results were published in ref. [144]. Previous studies have demonstrated magnets wound with
REBCO coated conductors tape, Roebel cables, and Conductor on Round Core (CORC) cables
exhibit outstanding performance [1] [70] [71] [74] [145] [146] [147] [148]. Those coils were
wound under tension. Then during operation, due to the Lorentz force, a transverse stress ranging

from 100 MPa to 300 MPa will be exerted on the tape/cable surface [100] [149] [150].

In non-insulation coils, this transverse pressure can be utilized as a method to reduce the
inter-tape/cable contact resistance (ICR) [151]. Under a transverse pressure greater than 100 MPa,
the inter-strand contact efficiency, n (n = ICR = contact area), will be smaller than 50 uQ*cm?.

This can lead to good current sharing between tapes and improve coil stability [93] [117].

On the other hand, such a high stress level may lead to damage to the cables. For direct tape-
to-tape contact, critical current degradation is limited to 2% under compression of 200 MPa, and
less than 8% under compression of 550 MPa [152]. However, in the case of Roebel cable and CORC
cable, due to the nature of the transposing tapes, their stress limits will tend to be closer to their

shear stress (~¥19 MPa) and cleavage stress (~1 MPa) [153] [154] [155]. Therefore, the critical
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currents of Roebel cable and CORC cable are much more sensitive to pressure than tape stacks.
The transverse pressure tolerance of critical current in Roebel cable is around 30-40 MPa [150]
[152] [156]. Appreciable degradation of critical current in CORC cable starts at a pressure level of
around 1.2 MPa, and as the diameter of the former decreases, the degradation of critical current

due to transverse pressure becomes more severe [157] [158].

Here we performed compression tests on 4 types of samples, shown in Fig.77, including 10-
layer REBCO coated conductor tape stack, 10-layer Ni-plated REBCO coated conductor tape stack,
Roebel cable, and CORC cable. The results concluded from this work can be applied to magnet

design and as input parameters for magnet simulation.

(a)

Figure 77: (a) 10-layer REBCO tape stack, (b) 10-layer Ni-plated tape stack, (c) Roebel cable, (d)
CORC cable.

Sample 1 (24 mm * 4 mm * 1.3 mm) consists of 10 layers of commercially available
SuperPower-SCS4050 2G HTS tapes (SP), and the specifications are given in table 11. Sample 2
(24 mm * 4.06 mm * 1.9 mm) is a ten-layer Ni-plated REBCO tape stack. Detailed Ni-plating

process can be found in [97]. Sample 3 (15.8 mm * 11.8 mm * 1 mm) is a 9-layer Roebel cable
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that was fabricated by Karlsruhe Institute of Technology with SuperPower tape, and the cable
specifications are listed in table 12. Sample 4 (24 mm in length) is a segment of a CORC cable
provided by the Lawrence Berkeley national laboratory (LBNL) with ID 160823-Berkeley 250-C
[136]. The CORC sample specifications are listed in table 13. For Samples 1 and 2 we performed

five sets of tests on each. For Samples 3 and 4, we performed three sets of tests on each.

Table 11: Specifications of the REBCO coated conductors, Sample 1

Component Thickness (pm)

Cu stabilizer - YBCO side 20
Silver overlayer 1 2
REBCO 1

Buffer stack 0.2
Hastelloy 50

Silver overlayer 2 1.8

Cu stabilizer - substrate side 20

Tape thickness (mm) ~0.1

Stack Thickness (mm) ~1.3

Table 12: Specifications of Roebel cable, Sample 3

Number of tapes in the cable 9
Tape width (mm) 5.6
Cable width (mm) 11.8
Pitch length (mm) 13

Cross-over angle (degree) 40

Inter-tape gap distance (mm) 0.4
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Tape thickness (mm) ~0.1

Cable Thickness (mm) ~1

Table 13: Specifications of CORC cable, Sample 4

Number of tapes in the cable 16
Cable diameter (mm) 3.4
Tape width (mm) 2
Tape thickness (mm) 0.045
Pitch length (mm) 6.22

We used MTS (model 43), shown in Fig. 78 (a), for all compression tests. However, because
all samples have thicknesses smaller than 3.5 mm, the systematic error from the testing frame is
bigger than the thicknesses of the samples. Hence, it is necessary to subtract the error from the
loading frame. We used 4 pieces of polycrystalline non-heat-treated copper blocks to perform
error calibration. The dimensions of each copper block are 20 mm* 12 mm* 8 mm so that the
surface area under compression is similar to those of Sample 1, 2 and 4. As shown in Fig. 78 (b),
the copper block was marked with two silver tapes, and a laser extensometer (model LE-01) was
used to measure the displacement of the copper block. We applied pressures up to 200 MPa.
Based on the value measured by the loading frame which contains the system error and the value
measured by the laser extensometer which is the displacement of the sample, we were able to
conclude an error correction function. Then we applied the error correction function to all the
other measurements to calculate strains corresponding to stress levels. For Sample 1, 2, and 4 we

applied stresses up to 200 MPa. Sample 3 was tested up to 80 MPa. To make sure the samples
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were in contact with the testing frame, we used precision control to lower the pressing unit until
we saw there was a small non-zero force exerted on the samples. Then we started measurements

and applied a 0.003 mm/s strain rate for all samples.

Figure 78: (a) MTS model 43 testing frame, (b) error calibration of testing frame.

Surface roughness measurements were applied to Sample 1, 2, and 3 before and after the
compression test by using the optical profilometer, shown in Fig. 79 (Veeco, model Contour GT-
K). The purpose of surface roughness measurement was to confirm that an appreciable amount
of plastic deformation occurred during the compression test. For each sample, 8 measurements
were taken to get good statistics. The roughness is presented as average roughness, Sa, which can

be interpreted as the deviation of a surface height from its mean height.
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Figure 79: Veeco model Contour GT-K optical profilometer

6.1 Compression test on tape stacks

The stress-strain behavior for Sample 1, the 10-layer REBCO tape stack, is presented in Fig. 80
(a). The curve can be divided into three different regimes that are presented in the insets.
Because the tapes contain curvature and their surfaces have certain roughness, as shown in Fig.
81 (a), when 10 tapes are combined to form a tape stack, the thickness of the stack is about 30%
more than the thickness of adding up 10 individual tapes. Therefore, in the first regime, where
the pressure level was below 20 MPa and the strain was within 0.23, the displacement was mainly
due to sample flattening, reducing the curvature, and tape self-relocation. For the second regime,
where the pressure increased up to 60 MPa with 0.0135 additional strain, stress-strain behavior
became mostly linear, and it showed a modulus of around 3.1 £ 7% GPa. The third regime of the
stress-strain curve was a combination of elastic and plastic deformation. We fitted the third
regime still linearly, because we thought that elastic deformation was more dominant, and the

five sets of measurements showed an average modulus of 10 + 11% GPa for the third regime.
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Figure 80: Stress-Strain curve of (a) Sample 1, (b) Sample 2. (Strain is determined as AL/L.)
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Figure 81: Surface roughness of (a) Sample 1 before pressing, (b) Sample 1 after pressing, (c)

Sample 2 before pressing, (d) Sample 2 after pressing.

As shown in Fig. 80 (b), Sample 2, the 10-layer Ni-plated REBCO tape stack, exhibited similar
stress-strain behavior as Sample 1. The first regime was below 20 MPa, and the sample
underwent 0.25 strain. The second regime was within the compression range from 20 MPa to 60
MPa, and it showed a modulus of 1.7 + 6% GPa. The third regime which was above 60 MPa gave
a modulus of 4.6 + 9% GPa. In comparison with Sample 1, Sample 2 had lower modulus in both
the second and third regimes, because Ni-plating introduced additional less stiff material relative

to Hastelloy into the structure, and it is a typical trend for REBCO coated conductor tape that tape

modulus decreases with increasing plating layer thickness.

The moduli extracted based on our measurement for both Sample 1 and 2 in the second and

third regimes are low compared to the moduli of polycrystalline Cu and Ni which range from 100
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GPa to 200 GPa. For both Samples 1 and 2, the second and third regimes contained certain plastic
deformation and related work hardening. This could be a result due to the surface roughness of
the tape, which could lead to a much higher local stress than the nominal stress value. More
evidently, from Fig. 81, it can be seen that the average surface roughness of Sample 1 reduced
from 703 nm to 502 nm (~29 % reduction), and the surface roughness of Sample 2 reduced from
684 nm to 519 nm (~24 % reduction). In addition, the amount of strain (>0.01) governed by the
concluded modulus values were much larger than the technically specified strain limit (0.0002)
for elastic modulus. In this case, it would be better to compare our results with the tangent moduli
of materials that are commonly adopted to the classical bilinear isotropic hardening model which
is used to perform FEM analyses on REBCO coated conductor tapes [159] [160] [161]. The tangent
modulus of copper is 4 GPa. For sample 1, the modulus of the second regime (3.1 GPa) was close
to the tangent modulus of copper. Then, as pressure increased, work hardening accumulated and
Hastelloy, the stiffer component in the tape structure, became increasingly determinant to the
stack modulus. For Sample 2, the stack modulus for both regimes 2 and 3 were smaller due to
increased plating thickness. The stack modulus increased from 1.7 GPa to 4.6 GPa, from a value
that was lower than the tangent modulus of copper (4GPa) to a value that was similar. According
to Ref. [162], the tangent modulus of electroplated Ni at 2 % strain was ~2.3 GPa [162], which was
comparable to our measurement, 1.7 GPa. The intercept of the fitting line on the y-axis (pressure
level) of each regime could be considered as the onset of a deformation regime given that the
deformation regime was purely elastic. The fitting lines for the second regime of Samples 1 and 2
had intercepts (16.1 MPa and 16.7 MPa) that were fairly close to 20 MPa, but the third regime for

both samples had intercepts (46.2 MPa and 41.4 MPa) different than the onset value, 60 MPa, for
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the third regime. Hence, that indicated there was more plastic deformation in the third regime
than in the second regime. In both tape stack samples, the second regime was characterized by
the tangent modulus of the softest material (copper in Sample 1, and nickel in Sample 2) in the
structure. As the pressure level increased to the third regime, work hardening kept accumulating
and the modulus of the harder materials, Hastelloy and copper, became representative of the
samples. Because the moduli concluded from our measurement were controlled by the materials,

the results should be applicable to tape stacks of different layers.

The results from our measurements follow the rule-of-mixture. However, the values of the
modulus of nickel, copper, and Hastelloy need to be carefully considered. The as-received tape
has a copper layer of 20 um on each side, and the thickness of the Hastelloy is 50 um. The Ni-
plated tape has a nickel layer of 15 um on each side. To apply the rule-of-mixture, we assume that
the Hastelloy does not experience any plastic deformation, but the nickel and copper layer
experience both elastic and plastic deformation. Therefore, we use tangent modulus for nickel
and copper, 2.3 GPa [162] and 4 GPa [159] respectively, and use elastic modulus for Hastelloy, 190
GPa [159]. Given those, the calculated modulus is 8.8 GPa for Sample 1 and 5.2 GPa for Sample 2.
Both calculated values are comparable to the measured moduli of the samples in their third

regime.

6.3 Compression test of Roebel cable

Fig. 82 shows the stress-strain curve of the segment of Roebel cable. The first regime
contained nearly 0.25 strain. Because the Roebel cable was fabricated with SuperPower tapes,

the second regime and the third regime of the Roebel cable exhibited similar results as Sample 1,
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the 10-layer tape stack. The second regime of Roebel cable showed a modulus of 3.1 + 5% GPa,
and the third regime showed a modulus of 9.1 + 11% GPa. However, one should be aware that
unlike tapes or tape stacks which are resistant to pressure up to 550 MPa [152], the critical current
of Roebel cable is very sensitive to compression, and even a compression of 30-40 MPa can lead
to at least 20% of critical current reduction of the cable [150] [152] [156]. The reason for the high
sensitivity of critical current to pressure was because of the low contact surface area between
tapes in the Roebel cable [163]. One possible method to mitigate the critical current sensitivity to

pressure is to apply epoxy impregnation.
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Figure 82: Stress-Strain curve of Sample 3. (Strain is determined as AL/L.)

Surface roughness measurement on the Roebel cable is presented in Fig. 83. The roughness

measurements were performed on randomly selected areas on 8 of the 9 tapes in the cable. The
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average surface roughness of Sample 3 decreased from 666 nm to 522 nm (24% reduction), which

is also comparable with Sample 1.

Figure 83: Surface roughness of (a) Sample 3 before pressing, (b) Sample 3 after pressing.

6.3 Compression test of Roebel cable

The three compression tests on CORC cables showed consistent results, Fig 84. The cables
cracked at the pressure level of about 27 MPa. We calculated the transverse pressure applied on
the CORC cables by normalizing the applied force to the product of sample length and cable
diameter. If the same stress calculation is applied, based on other studies, the critical current of
a CORC cable with a solid cylindrical copper former will start to decrease at stress as low as 1.2
MPa which is close to the cleavage stress limit of REBCO tape, and suffers at least 80 % reduction
when the transverse pressure reached 4.7 MPa [157] [158]. From the inset of Fig. 84, the
damaged cable showed cleavage fracture surface. Hence if CORC cables are to be used for high
field applications, external reinforcements, such as epoxy impregnation [150] [157] and stainless

steel overbending covers, are necessary [74] [164].
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Figure 84: Stress-Strain curve of CORC cable
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Chapter 7- Discussion

Major challenges to the application of REBCO CC tapes and cables to actual devices include
guench protection, flux creep, and high AC loss. Controlling the inter-strand contact properties of
a REBCO CC tape stack or a cable can affect quench by modifying current sharing. However, there
is always a tradeoff between current sharing and AC loss, since improved current sharing will lead
to an increase in the coupling loss. Therefore, the interstrand contact surface properties need to

be determined on the basis of the needs of a specific application.

One very important conclusion we can draw from our study is that when considering current
sharing in HTS, not only the inter-strand electrical contact property, but also the inter-strand
thermal contact property and boundary cooling condition are critical factors. This is different from
the case for LTS where current sharing is only controlled by the inter-strand electrical contact
resistance. The reason for this is the relative speed of the events in the case of LTSC and HTSC, in
the former, the event is quick (can in some cases be considered adiabatic), while for HTSC, the
guench event is much slower, and heat is both shared to neighboring regions and to the bath.
Indeed, while for LTSC, quench energy is most important, often for HTSC, quench power is critical.
Basically, the key question to ask is how much current can flow through a cable before thermal
runaway sets in, and the answer to this question is found by a power balance between the heat
generation and the heat removal locally in the cable. For example, according to the simulation
results from Chapter 3, given a certain inter-strand electrical contact resistance, the current limit
that the central defective tape in a three-tape cable can carry is much higher when the inter-
strand thermal contact property is not insulating. A variety of results for different sets of electrical

and thermal contact resistances and thermal boundary conditions (BCs) are given in Chapter 3.
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Another important factor to be considered is that the steady-state current sharing limit will
be higher than the transient state. This is explored in Chapter 3 by changing the electrical
boundary conditions (BCs) on the tapes. In the case of a pre-existing defect, current and voltage
will have had time to equilibrate and the proper boundary conditions to consider are
equipotentials at the ends of the conductors at each end of the cable (one for current injection,
and the other for current extraction). In the case of a fault that happens in operation, the currents
do not have time to equilibrate at the ends, and the proper electrical BCs are equal current

injection/extraction into each strand at the ends of the cable.

This work focused more on the steady-state current sharing behavior. In this case, the defects
are “pe-existing”, i.e., occurred during cabling or as part of wire manufacture. By using the three-
tape cable model introduced in Chapter 3 the current sharing operation frontier for the pre-
existent defect scenario can be determined as presented in Fig 85. We concluded that the
maximum current this defective three-tape cable can carry is linearly proportional to the natural

log of the product of the inter-strand electrical contact efficiency and the inter-strand thermal

insulance, following Lecapte _ —0.0349 *In(n * w) + 3.0718, A fit of our data leads to y =
n y

Ctape

—0.0349x + 3.0718.
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Figure 85: Current sharing operation frontier of steady state tree-tape cable model.

This compact expression gives an explicit formula for the ratio of | to ICtape for a three

Ccable
strand cable (ideally in the absence of current sharing and no defects, the value would be 3), and
shows it depending on the natural log of the electrical contact efficiency and the inter-strand
thermal insulance. This is a very useful and predictive result, and one of the major takeaways of

this work.

On a practical level, the easiest way to improve current sharing in multi-strand tape stacks
and cables is to reduce the contact resistance by applying mechanical pressure. This is a practical
method that can be used in no-insulation pancake coils where REBCO CCs are in a well-aligned
tape-to-tape structure that enables the applied force to be uniformly distributed on the entire

tape surface, leading to a maximum stress limit to be 500 MPa. However, for cables with twist
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pitches and transposing structures, such as Roebel cable, CORC cable, and STAR cable, the stress
limits are very low. Enhancing current sharing in those cables by simply applying pressure will not
be applicable. For these cables, performing surface modification can be a better solution. In my
study, | provide two surface treatment techniques, Ni-plating and PANI coating. Ni-plating reduces
the inter-strand electrical contact resistance by replacing the thick native oxide layer on the Cu

surface with a thinner native oxide layer on the Ni surface.

Although reducing the inter-strand electrical contact resistance can enhance the current
sharing ability in the multi-strand REBCO cable, the coupling loss in the cable will also increase.
To reduce the overall AC loss which consists of hysteresis loss, coupling loss, and eddy current
loss, we propose to use Ni to replace the Cu stabilizer, so that the cable can have low inter-strand
contact resistance to facilitate better current sharing and reduced eddy current loss. The PANI
coating technique can be seen as a versatile approach to achieve a wide range of inter-strand
contact properties by controlling the coating thickness, doping level, and concentration of
conductive particle inclusion. Therefore, the end user of the PANI coating will have more options
to make the tradeoff between current sharing and AC loss based on different applications.
Moreover, PANI-coated REBCO cables or multi-strand tape stacks can be consolidated into one
piece via a low-temperature heat treatment at around 50 °C, and therefore will have better

mechanical stability than cables with direct tape-to-tape contact.

Modifying inter-strand contact properties will change the AC loss in a multi-strand REBCO
cable. Hence, we developed a 2D model that can simulate AC loss in a Roebel cable with given
inter-strand contact properties. Compared to direct measurement, our simulation result has an

error of less than 20 %. Moreover, both the simulation and experiment results show that the
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hysteresis loss component in a multi-strand REBCO cable is suppressed due to the screening effect

from the outer layers to the inner layers.

Finally, we studied the magnetization and flux creep in a STAR wire. We found that compared
to LTSs, the maximum magnetization of the STAR wire is much higher (it is similar to CORC values).
In addition, because it is wound with REBCO conductors, the cable/wire will suffer from high flux
creep. One possible method to alleviate this problem is to apply pre-injection field cycles, so the
initial magnetization can be reduced, leading to a reduced flux creep. In future work, it will be
very useful to develop simulation models for different cables to better assist the implementation

of REBCO in large-scale applications.
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Chapter 8- Conclusions

As the needs for high field applications is increasingly imminent, Rare-Earth Barium Copper
Oxide Coated Conductors (REBCO CCs) draws a lot of attention and becomes a hot topic of study
because REBCO conductors have exceptional current carrying ability especially at high field, for
example field > 22.5 T. However, quench protection and field quality are the two major challenges
for the application of REBCO CCs. Because the normal zone propagation rate in the REBCO CCs is
slow, 3-5 cm/s, and the AT between the operating temperature and the conductors’ critical
temperature is high, it is difficult to effectively perform quench detection in a timely manner.
Considering another fact of the REBCO CCs that it is very common to introduce defects during the
tape manufacturing process, cabling process, and coil winding process, localized hot spots may

occur and lead to a catastrophic burn out of the coil.

Utilizing the self-protecting mechanism of current sharing in REBCO conductors can be a
promising solution to the quench protection. In this case, when the supercurrent in one tape of
a cable reaches a defective spot, it will bypass the defect via the neighboring tapes to avoid the
generation of a non-healable localized hot spot. The no-insulation design of REBCO coils is based

on this concept.

Whether effective current sharing will happen depends on the inter-strand contact properties.
More specifically, because the thermal margin of REBCO conductors is high, the current sharing
behavior will be dependent on the inter-strand electrical contact resistance, inter-strand thermal

contact resistance, and boundary cooling conditions.
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We have investigated various techniques to control the inter-strand contact properties,
including cold pressing, hot pressing, Ni-plating, Ni-replacement, and PANI-coating. Through
these processes, we achieved a various inter-strand electrical contact efficiency, ranging from
5400 p) * cm? to 2.7 uQ * cm?. Ni surface, based on our study, can provide the lowest contact
resistance. In addition, Ni-plating/replacement laid a foundation for later PANI-coating treatment,

which can be a promising upgraded replacement of the current epoxy-impregnation technique.

From our simulation results, we can conclude that different inter-strand contact properties
can lead to different current sharing limits. Given a good inter-strand contact and liquid helium
cooling condition, it is even possible for a defective cable to achieve a current sharing limit that is
greater than 1. Moreover, the transient current sharing limit and the steady state current sharing
limit are different from each other. In general, provided the same inter-strand contact properties
and cooling conditions, the transient state current sharing limit in a REBCO cable will be smaller
than that of the steady state. Hence, the lower limit should be carefully considered during magnet

design.

Simply generating a high magnetic field is not sufficient for certain applications, such as
particle accelerators and fusion magnets. Field quality is another important feature. Because the
dimensions of a single REBCO CC tape, ranging from 2 mm to 6 mm, is much larger than that of
LTS, hundreds of microns, and the J,. is high, REBCO usually exhibits strong magnetization. The
magnetization from the conductor itself will generate an error field. In addition, because the
individual pinning strength in REBCO is weak, flux creep is expected, which makes the error field

to an even more complex time-varying state. Hence, quantification and minimization of the flux
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creep in a REBCO conductor becomes an indispensable prerequisite for putting the conductor

into real applications.

We measured the magnetization of a STAR cable. At fully flux penetrated state, the cable
volume normalized magnetization of the cable is around 1140 kA/m, and the flux creep
component is 140 kA/m (13%) for 1800 s. By applying pre-injection field cycles, the initial

magnetization can be reduced and therefore the flux creep is reduced to 5.8 kA/m.

AC loss is of the major concern for the machinery applications of a superconductor. Without
transport current, there will be three components of AC loss: hysteresis loss, Eddy current loss,
and coupling current loss. Because coupling current loss is dependent on the current transferring
from one strand to it neighbors, if we want to utilize the self-protecting mechanism of current
sharing in the REBCO CCs to improve quench protection, we must live with the increased coupling
loss. However, we can try to reduce the total AC loss by reducing the rest two parts. For example,
for the same superconductor, hysteresis loss can be reduced by reducing the filament size. Eddy
current loss can be reduced by replacing the high electrical conductivity matrix, such as Cu, of a
superconductor composite with a low conductivity matrix material, for example Ni, so Ni-
plating/replacement can be a desirable solution to provide better quench protection and lower

eddy current loss.

As | will keep on working in this area, future work will involve applying different surface
treatments to different REBCO cables, such as Roebel cable, CORC cable, and STAR cable, to

improve their quench protection abilities. With these advanced cables and knowledge | acquired
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through my study, | will be able to take part in projects of design and fabricating high field

superconductor magnets.
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