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Abstract

®

CrossMark

The normal zone propagation velocity (NZPV) of three families of REBCO tape architectures
designed for superconducting fault current limiters and to be used in high voltage direct current
transmission systems has been measured experimentally in liquid nitrogen at atmospheric
pressure. The measured NZPVs span more than three orders of magnitude depending on the
tape architectures. Numerical simulations based on finite elements allow us to reproduce the
experiments well. The dynamic current transfer length (CTL) extracted from the numerical
simulations was found to be the dominating characteristic length determining the NZPV instead
of the thermal diffusion length. We therefore propose a simple analytical model, whose key
parameters are the dynamic CTL, the heat capacity and the resistive losses in the metallic layers,

to calculate the NZPV.
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(Some figures may appear in colour only in the online journal)

1. Introduction

High-temperature superconductor tapes based on REBCO,
where RE stands for rare-earth, are promising candidates
for enabling breakthrough technologies such as nuclear
fusion [1], protontherapy [2] and high efficiency supercon-
ducting machines [3]. Among the promising applications,
resistive superconducting fault current limiters (SFCLs) are
an interesting solution to ensure safety and resilience in
power grids. In the FASTGRID project [4], several REBCO
tape architectures were investigated in order to significantly
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increase the electric field that can be supported by a REBCO
tape during a fault current event occurring in a high voltage
direct current electrical network. Increasing the electric field
allows us to limit the length of the REBCO tape required, thus
reducing the footprint and cost of the SFCL [5]. In particular,
it was shown that soldering a 500 pum thick Hastelloy shunt
on a REBCO tape (I. > 800 A cm™' width at 77 K, self-field)
allowed the tape to sustain an electric field over 100 Vm~! for
50 ms [6].

One of the main issues regarding REBCO tapes is the low
normal zone propagation velocity (NZPV), which, over the
years, has been investigated using different experimental tech-
niques [7-14]. In coil and magnet applications, this makes
quench detection very difficult and implies the development of
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innovative solutions to avoid burning the coil [15]. In SFCL,
the low NZPV of REBCO tapes coupled to inhomogeneities
of their local critical current make them prone to local degrad-
ation in the case of a prospective fault current close to their
average critical current [16].

Therefore, understanding the parameters that affect the
NZPV becomes essential when designing tape architectures
to be used in specific applications. For example, it has been
demonstrated experimentally that the addition of a metallic
shunt such as copper or stainless steel reduces the NZPV
[17, 18]. In this work, the NZPV of REBCO tapes with differ-
ent architectures fabricated in the context of the FASTGRID
project was investigated both experimentally and numerically
at 77 K. The results were analyzed to highlight the main para-
meters affecting the NZPV. This allowed us to propose an ana-
Iytical expression for the calculation of the NZPV.

2. Samples investigated

In this section, we describe all the architectures investigated in
this work. A cross-section view of each architecture is shown
in figure 1.

2.1 Bare REBCO tapes

The base REBCO tapes used in this work were 12 mm wide
REBCO tapes produced by THEVA Diinnschichttechnik
GmbH [19-21]. Explicitly, inclined substrate deposition was
first used to deposit 3.5 pum thick MgO buffer layers on a
97 pm thick untextured Hastelloy substrate. A 3.1 pm thick
GdBaCuO layer was subsequently deposited at 700 °C on the
MgO buffer layers. This tape architecture constitutes what we
call the ‘base THEVA tape’ later in this section. Afterwards, a
Ag layer having a thickness between 1 and 2 ym was thermally
evaporated all around the base THEVA tape. Two samples
based on this architecture were characterized: a tape with a
total of 2 um of Ag (1 um on the REBCO side and 1 ym on
the substrate side), called ‘Ag2’ later on, and a tape with a
total of 4 um of Ag (2 pm on the REBCO side and 2 ym on
the substrate side), called ‘Ag4’.

2.2. REBCO tape with a CuNi shunt

A 100 pm thick and 12 mm wide Cu60Ni40 shunt was
soldered with a SnAg3.0Cu0.5 alloy on the REBCO side of a
base THEVA tape with a 1 um thick surrounding Ag layer. The
thickness of the solder varied locally from 5 to 10 um accord-
ing to scanning electron microscopy. This sample is called
‘CuNil00’ later on.

2.3. REBCO tape with a Hastelloy shunt

A 500 pm thick and 12 mm wide Hastelloy shunt with a nom-
inal 10 pm thick surrounding tin layer was soldered on a base
THEVA tape with a 1.6 um thick surrounding Ag layer. The
shunt was soldered on the REBCO side of the tape. A custom
soldering process was developed especially for this purpose by
THEVA. This sample is called ‘Hast500’ later on.

REBCO (3.1 pm)
MgO (3.5 pm)
Hastelloy (97 pm)
Silver (1 pm)

REBCO (3.1 um)
MgO (3.5 pm)
Hastelloy (97 pm)
Silver (2 pm)

Cu60Ni40 (100 pm)
Tin (5-10 pm)
REBCO (3.1 ym)
MgO (3.5 pm)
Hastelloy (97 pm)
Silver (1 pm)

CuNil00

Hastelloy (500 pm)
Tin (10 pm)
REBCO (3.1 ym)
MgO (3.5 pm)
Hastelloy (97 pm)
Silver (1.6 pm)

Hast500

Stycast (400 pm)
REBCO (3.1 ym)
MgO (3.5 pm)
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MgO (3.5 pm)
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Figure 1. Cross-section view of the different tape architectures
investigated in this work (not to scale). See text for a detailed
description of each type of architecture. Note that, for all
architectures except CFDAg2 and yCFDAg2, the silver layer is
surrounding the base THEVA tape.

2.4. REBCO tape covered with Stycast

A base THEVA tape with a 1 pm thick surrounding Ag
layer was covered with a 400 pm-thick epoxy coating on the
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REBCO side. The epoxy consisted of Stycast 2850 FT (Cata-
lyst 11) mixed with SiC filler (20 vol.% of SiC). Furthermore,
E-glass fibers with a diameter of 14 ;sm were added in the coat-
ing to improve the mechanical properties. Further details on
the fabrication process can be found in [22]. This sample is
called ‘Sty400’ later on.

2.5. CFD tapes

The current flow diverter (CFD) concept was introduced
in [23]. Two different fabrication routes were used to fabric-
ate CFD tapes. The first route corresponds to that described
in [24]. In this route, base THEVA tapes with a 1 pm thick sur-
rounding Ag layer were used. First, the silver on the Hastelloy
substrate and on the sides of the tape was completely removed
using chemical etching. On the REBCO side, a shadow mask
was used to remove the silver solely on the central part of
the tape. The silver strip that was etched had a width of
10.8 mm. After the chemical etching, the only silver left was
two 0.6 mm wide strips located on the two edges of the
REBCO side of the tape. Finally, a 2 pum thick silver layer
was deposited on the REBCO side using DC sputtering. This
sample is called ‘CFDAg2’ later on.

The second route is described in details in [25]. In this
second route, chemical solution deposition with propionate
yttrium solution precursors was used to create a yttria layer
covering 85%—-90% of the REBCO layer on a base THEVA
tape. To form the CFD pattern, before executing the depos-
ition, a polyimide mask was used to protect the remaining sur-
face (=10%) along the edges of the REBCO layer where no
yttria layer was required. Spin coating of the yttrium propion-
ate solution was used to obtain ultimately a yttria (Y,Os3) layer
having a thickness of ~100 nm. The pyrolysis of the yttrium
proprionate solution to form the yttria was performed in a tubu-
lar furnace heated at temperatures ranging from 350 °C to
450 °C in 1 bar of oxygen atmosphere for 1 h. Afterwards,
a 2 pm thick silver layer was deposited on the REBCO side
using DC sputtering. Finally, the tape was re-oxygenated at
400 °C to reduce the interfacial resistance Ag/REBCO solely
on the yttria-free edges of the REBCO. This sample is called
‘yCFDAg2’ later on.

2.6. bCFD tape

The buffer layers-CFD (or bCFD) architecture was proposed
in [26] and experimentally demonstrated in [18, 27]. In this
work, tapes with a bCFD architecture were fabricated using a
sulfidation process. Sulfidation is the chemical reaction of a
solid material, such as a metal/alloy, with a sulfur containing
environment. This reaction leads to the formation of a sulfur-
based compounds and it is known to form silver sulfide (Ag,S)
on the surface of silver. Ag,S is a semiconductor compound
whose resistivity is several orders of magnitude higher than
silver. This process was used on a base THEVA tape with
a 1 pm thick surrounding Ag layer to change the Ag thick-
ness ratio between the upper and bottom layer of the silver
shunt and achieve the bCFD effect. Prior to the sulfidation, the
tape was partially covered with polyimide tape along the edges

Table 1. Measured critical currents at 77 K (/o) using the criterion
E. =100 xVm™! and power law indexes (n-value) in self-field
prior to NZPV measurements. The dynamic CTL (\y) for I, = 0
during quench, as obtained from numerical calculations, is also
given.

Ag (mm)
Sample 1o (A) n-value for I, = Ico
Ag2 567 38.0 2.7
Agd 828 28.4 2.2
CuNil00 639 32.7 1.0
Hast500 694 28.6 1.2
Sty400* 650 — 2.8
CFDAg2 639 32.7 9.6
yCFDAg2 348 18.5 9.0
bCFDAg1 335 23.6 10.4

# Critical current measured by THEVA using TapeSTAR.
Current contact (+) Magnet |

/‘ 2.54 mm —| — )
G10 support 93.98
.98 mm

Figure 2. Illustration of the sample holder used to perform NZPV
measurements.

leaving the central part of the tape on the REBCO side exposed
with a width varying between 10 and 11 mm. The sulfidation,
which lasted 3.5 h, was performed in a closed system with a
vapor pressure of liquid sulfur at 130 °C. After the sulfida-
tion, the central shunt part uncovered with polyimide had a
dark black color characteristic of Ag,S with a mild increased
roughness. This sample is called ‘bCFDAgl1’ later on. More
details of this bCFD-sulfide process will be given elsewhere.

3. Experimental details

The critical current (/o) and power law index (n-value) of
all samples were measured at 77 K with a pulsed current
method [6], except for sample Sty400, whose critical current
was measured using TapeSTAR [19], and are given in table 1.

The NZPV of the tapes was measured using a homemade
pulsed current source. Custom PCB-based sample holders
were fabricated in order to measure simultaneously up to 38
differential voltages along 100 mm long REBCO tapes (see
figure 2). The distance between the centres of two adjacent
voltage taps is 2.54 mm. A cylindrical NdFeB magnet was
used to locally reduce the critical current of the sample to
induce the initial quench.

To perform NZPV measurements, the sample was first
immersed in a liquid nitrogen bath at atmospheric pressure.
Then, 5-30 ms long current pulses of constant amplitude
(close to the critical current of each sample) were applied on
the sample. The heat generated at the location of the NdFeB
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Figure 3. Experimental NZPV obtained at 77 K in self-field
(symbols) versus applied current for all samples. The solid lines
were calculated with the numerical model described in section 5.1.

magnet triggerd a quench in the middle of the sample. Dur-
ing quench propagation, the time evolution of the voltage drop
along the sample was recorded with a 80-channels data acquis-
ition card from National Instruments. The NZPV was calcu-
lated by taking the time delay between two adjacent differen-
tial signals to reach a given voltage level, divided by the dis-
tance between the taps, that is 2.54 mm. This measurement has
been repeated for different current pulse amplitudes to obtain
the dependance of the NZPV with the applied current. For
more examples about NZPV measurements, see [18, 24, 28].

4. NZPV measurements

In figure 3, the experimental NZPV values obtained versus the
operating current /,, (or applied current) are presented. We
first note that the NZPV of sample Ag2 is relatively high with
respect to the NZPV values reported for REBCO tapes in the
literature, reaching up to 6 ms~! at 650 A. This is because
its critical current is approximately three times larger than
most REBCO tapes whose NZPV is reported in the literature,
since the thickness of the REBCO layer in THEVA tapes is
3.1 pm (rather than 1 pum). Furthermore, REBCO tapes are
often covered with a surrounding 20 pm thick copper layer,
which strongly reduces the NZPV. In figure 3, we can see the
effect of a thicker stabilizing layer by comparing the NZPV
values of sample Ag2 with the NZPV of sample Ag4, whose
NZPV is approximately three times lower than sample Ag2.
We observe that the NZPV is strongly reduced when a thick
metallic shunt is added. This is explained by two reasons.
Firstly, the thermal mass of the tape is much larger, which
means that more energy is required to increase its temperat-
ure. Secondly, the shunt and the tin used to solder the shunt
are conductive, which reduces Joule heating. In particular, in
the case of sample Hast500, the NZPV becomes very low

~0.27 ms~! at 1000 A). In the case of sample CuNi100, the
reduction in NZPV is less drastic. For example, at 500 A, the
NZPV is approximately one order of magnitude lower than
that of sample Ag2.

If we compare the NZPV of sample Sty400 with that of
sample Ag2, we observe that the addition of a Stycast shunt
induces only a slight reduction (~25%) of the NZPV. Since
Stycast is an electrical insulator, it does not affect the resist-
ance per unit length of the tape and thus Joule heating. How-
ever, Stycast increases the total thermal mass of the sample.
As a consequence, a larger amount of energy is required to
increase the temperature of the tape, which reduces the NZPV.

In the case of samples CFDAg2 and yCFDAg2, the NZPV
is approximately 6-8 times higher than that of sample Ag2.
This is consistent with previous results reported in the literat-
ure for CFD tapes [24, 26]. In the case of sample bCFDAg]I,
the NZPV is very high, almost 17 times higher than that of
sample Ag2. The fact that the total silver thickness is 1 pym
instead of 2 ym makes the comparison more difficult but it is
clear that the reduction of the silver layer thickness from 2 to
1 pm cannot induce a 17-fold increase in the NZPV. This huge
increase in NZPV is a consequence of the bCFD architecture.

5. Comparison with numerical simulations

5.1. Description of the numerical model

The model used to perform the simulations is a modified ver-
sion of the 3D model described in [6]. It has been implemented
in the COMSOL Multiphysics 5.5 software package and uses
two modules, namely the Electric Currents and Heat Transfer
in Solids modules.

In the model, we compute the electrical potential V and
temperature T using the current continuity and the heat transfer
equations, respectively. These equations are coupled through
the electric losses and are solved with the built-in time tran-
sient solver. A current /(¢) is imposed at one end of the tape
while the other end is grounded. At both ends of the tape, we
consider that the temperature gradient is zero,i.e.n- VT = 0,
where n is a unitary vector perpendicular to the surface. For the
remaining boundaries, we used n- (kVT) = k(T — Ty), which
represents the cooling power of liquid nitrogen, where # is
a heat transfer coefficient representing the thermal exchange
between the tape surfaces and the surrounding liquid nitro-
gen [29]. It is worth noting that the effect of this thermal
exchange on the results presented below is small and does not
affect the main conclusions of this work. It has only been men-
tioned here for the sake of completeness.

To minimize the computation time of this 3D numerical
model, the number of elements is reduced by taking advant-
age of the symmetries of the problem. To further reduce the
computation time, the buffer layers and the resistive inter-
face between the superconducting layer and the silver were
approximated as 2D domains, i.e., as if they were infinitely
thin (see [23] for further details).

The sample geometry used was that of the REBCO tape
architectures described in section 2. Regarding the material
properties, most of them could be found in the literature or
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were directly accessible within COMSOL Multiphysics 5.5.
The only exceptions were the electrical conductivity of silver
and GdBCO. The electrical conductivity of silver was determ-
ined from resistance measurements, as explained in [6]. The
electrical conductivity of GdABCO was approximated using a
power-law model in the flux creep and flux flow regimes (o),
while the transition from the superconducting state to the nor-
mal state (0,) was modeled by assuming two resistances in
parallel, i.e.

0GdBCO (T) = Osc (T) + oy (T) s (1)
where
1—n(T)
J (T E||\ @
()

is the electrical conductivity in the superconducting state,
o,(T) is the electrical conductivity in the normal state, J,.(7)
is the critical current density, ||E|| is the norm of the electric
field, Ey is the electric field criterion (10~* Vm~") and n(T) is
the power law index. The temperature dependencies of J..(T)
and n(T) for each sample were determined using the values
given in table 1 and the method described in [6].

Finally, to emulate the reduction of the local critical cur-
rent due to the magnetic field created by the cylindrical NdFeB
magnet, alow J, region was included in the simulated REBCO
tape.

5.2. Simulated vs experimental NZPV values

The NZPV obtained from numerical simulations are presented
in figure 3 (solid lines). We observe that, globally, the numer-
ical model reproduces quite well the experimental data. Dis-
crepancies are mainly observed on tapes either with very low
or very high NZPV values.

In the case of sample Hast500, we observe that, the cal-
culated values are higher than the experimental values. This
could be explained as follows. Since sample Hast500 has a
very low NZPYV, the normal zone spreads only over a few
mm during a quench experiment, which makes it difficult to
determine a precise value of the experimental NZPV. Further-
more, it is possible that the tape properties vary strongly along
the sample length. Indeed, scanning electron microscopy ana-
lysis (not shown) revealed that the thickness of the tin layer
between the silver layer and the Hastelloy shunt can vary
strongly along the length of the tape (from 2 up to 18 um)
in these samples. It is thus possible that the thickness of the tin
layer at the magnetic defect location was in reality larger than
the value used in the simulation (12 pm). As discussed before,
a thicker metallic layer translates into a lower NZPV.

In the case of sample bCFDAg1, we observe that the simu-
lated NZPV is lower than the experimental value. One possible
explanation for this is the limited length of the samples used in
the experiments (/=100 mm). This, coupled with the fact that
the NZPV is very high, causes the whole sample to quench
almost instantaneously once a hot spot is generated, which
makes harder the extraction of the NZPV from the experi-
mental data.

5.3. Shape of the normal zone

In figure 4, 2D maps of the temperature in the REBCO layer
during a normal zone propagation are presented for an operat-
ing current (/,,) equal to the critical current at 77 K (/o). The
temperature scale was reduced between 80 and 100 K in order
to help see the details at the boundary of the normal/super-
conducting regions (N/SC). Note that the normal zone spreads
from right to left.

Firstly, we observe that sample Ag2 has a parabolic N/SC
boundary. This is due to the current crowding at the edges of
the tape, similar to the ‘bCFD’ effect, which generates heat
at the edges of the tape. In comparison, the curvature is less
pronounced in the case of sample Ag4, and even less pro-
nounced in the case of samples CuNi100 and Hast500, where
it becomes almost a straight line. This is because the amount
of metal on the REBCO side is increased, which reduces the
amount of current flowing into the silver layer on the substrate
side, and also the current density at the edges of the tape.

In the case of sample Sty400, the curvature is very similar to
that of sample Ag2. This is not surprising since sample Sty400
has the same architecture as sample Ag2, except for the insu-
lating shunt made of Stycast on the REBCO side. Thus, the
amount of current flowing in the silver on the substrate side is
the same as in sample Ag2.

In the case of samples CFDAg2, yCFDAg2 and bCFDAg]1,
we observe that the curvature of the N/SC boundary is very
pronounced. For these samples, the current density at the edges
of the tape is increased due to the CFD architecture. Also, we
note that the N/SC boundary is blurred, indicating that the tem-
perature gradient is smaller than in tapes with no CFD archi-
tecture.

5.4. Dynamic CTL

When a current is injected in a REBCO tape, it must transfer
from the metallic layers surrounding the tape to the supercon-
ducting layer. The distance required for this transfer to occur is
called the current transfer length (CTL). In the literature [30],
the CTL () is defined by

Lshunt ()C) = Iop eXP(—X/)\s), 3)

where I 1S the current flowing in the metallic layers at
the distance x from the current injection location. Accord-
ing to equation (3), A, corresponds to the distance x where
Lshane(Ns) /1op = e~ 1 = 0.37.

It has been demonstrated in previous works that the NZPV
is proportional either to the CTL or the thermal diffusion
length (), depending on the electrical resistance at the inter-
face between the REBCO layer and the silver [31]. The
thermal diffusion length is derived from the heat equation
(see equation (5) in section 5.6) and is given by A\, = v/DrAf,
where Dr = k/(p,,C,) is the thermal diffusivity,

Whiot(pmCp) AT

At=
2, Rook

“

is the time required for the tape to reach the transition tem-
perature T, AT =T, — Ty, T, is the operating temperature,
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12 mm

bCFDAg1

80 85 90 95 100

Figure 4. Two-dimensional maps obtained from numerical
simulations of the temperature in the REBCO layer during a normal
zone propagation at 77 K and /,, = I9. The normal zone (red)
spreads from right to left. The units of the colorbar are Kelvins.

Roo is the tape resistance in the normal state at 90 K (2 m™"),
w is the width of the tape (m) and A, is the total thickness of
the tape (m). In the literature, 7, is defined as the temperature
at which the electric losses in the REBCO layer are equal to
the electric losses in the metallic layers, for a given transport
current. In the case of LTS, the following approximation is

often made, that is T; ~ (T, + T,)/2, where T, is the current
sharing temperature, which corresponds to the temperature at
which the critical current value is equal to the applied current,
i.e.l,, = I.(T.). Assuming that /, varies linearly with the tem-
perature, we obtain Tos =T, — (T, — Typ) (Lop/Ic0), Where Ing
is the critical current at T,,. The quantity (p,,C,) (J (K-m*)~1)
corresponds to an average value of the volume heat capacity
at T = T,, weighted by the thickness of each layer [15].

For the architectures considered in this work, since the
thickness of the metallic shunt is either small or has a low
thermal conductivity, this translates into a low A, value. A
rough estimation gives A\, =~ 100 ~ um or less. As will be
shown later, the CTL of the samples investigated in this work
is a least one order of magnitude higher than ), which means
the CTL is the characteristic length that ‘drives’ the NZPV.

In [32], the concept of ‘dynamic CTL’ (\;) has been intro-
duced and defined as the CTL during the propagation of a
quench. It has been shown that A\; can be different from the
classic definition of the CTL, which we will call thereafter
the ‘static CTL’ ()\;). The main difference between \; and
As originates from the thermal dynamics of the normal zone
propagation. In other words, the origin of ), is purely elec-
tric while the origin of )\, is a mix of thermal and electrical
phenomena.

In a 2D architecture such as substrate/buffer layers/REB-
COfsilver, we have \; = \; because the heat generation is
invariant along the width of the tape. However, most commer-
cial architectures are rather 3D architectures since silver cov-
ers all sides of the tape. As a consequence, upon a local quench,
current crowding occurs at the edges of the tape because a sig-
nificant fraction of the current must flow around the buffer lay-
ers to reach the silver on the substrate side [26]. This triggers
inhomogeneous heating along the width of the tape (the N/SC
boundary has a ‘U-shape’ as seen in figure 4) that increases
the CTL and thus, the NZPV. This phenomenon is also known
as the ‘bCFD’ effect [27]. In the case of a 2D architecture, the
N/SC boundary is a straight line.

As discussed previously, according to equation (3), the CTL
corresponds to the distance where the current flowing in the
metallic layers is 37% of the operating current, or inversely,
the distance where the current flowing in the superconducting
layer is 63% of the operating current. The dynamic CTL was
determined from numerical simulations by looking at the total
current flowing in the REBCO layer along the length of the
tape, as shown in figure 5. The value of \; corresponds to the
distance required for 63% of the current to transfer from the
stabilizer to the REBCO layer.

The dynamic CTL was determined for all samples with
an operating current equal to their respective critical cur-
rent at 77 K (I,, = o). The results are given in table 1. We
note that A; > 1 mm for all samples. Therefore, as mentioned
earlier, since ), is at least one order of magnitude higher than
(=100 pm), A, is the dominant characteristic length and thus
dictates the amplitude of the NZPV.

In table 1, we observe that A, is the highest in the
case of samples CFDAg2, yCFDAg2 and bCFDAg]1. This
is not surprising since these architectures were specifically
designed to enhance \; [23, 26]. Indeed, when looking at
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Figure 5. Total current in the REBCO layer during a normal zone
propagation in the case of sample Ag2. The dynamic CTL (\y)
corresponds to the distance between the x-position where the current
in the REBCO layer becomes zero and the location where the
current corresponds to 63% of the applied current. Here, we have
Ag = 2.7 mm.

the 2D temperature maps (figure 4), we clearly see the typ-
ical ‘U-shape’ associated with the CFD and bCFD architec-
tures [27].

In the case of samples Ag2, Ag4 and Sty400, the )\, val-
ues range between 2.3 and 2.8 mm. This is 2-3 times higher
than tapes with a thick metallic shunt (CuNi100 and Hast500).
This higher )\, is due to the presence of the bCFD effect, but
to a much lesser extend than in samples CFDAg2, yCFDAg2
and bCFDAg]1. In the case of samples CuNi100 and Hast500,
most of the current flows into the metallic layers located on
the REBCO side, so ), is rather small (almost no bCFD effect
is present).

5.5. Effect of the heat dissipation in the shunt

Our numerical calculations indicate that \; is the same with
or without an insulating shunt (see \; of samples Ag2 and
Sty400 in table 1). However, as observed in figure 3, there is
a slight reduction of the NZPV of sample Sty400 in compar-
ison with sample Ag2. This can be attributed to the absorption
of heat by the insulating shunt [22]. Indeed, in figure 6, the
time evolution of temperature at the defect location obtained
from numerical simulations is compared in the case of samples
Ag2, Sty400 and CuNi100. We observe that the temperature at
the defect location in sample Sty400 is reduced in comparison
to sample Ag2, thanks to the heat absorption in the insulating
shunt.

The difference between a metallic shunt and an insulating
shunt is that the metallic shunt not only adds thermal mass, but
also reduces Joule losses. As a consequence, this drastically
reduces the temperature and the NZPV. This can be observed
from the time evolution of the temperature at the defect loca-
tion in figure 6 and also, from the NZPV in figure 3.

T T T T T T T T
160 |- —
L4
- = Ag2 . .
— Sty400 N
140 [ eeees CuNil00 " _
=3
5
= 120 -
g
2,
5
= 100 [ -
80 | -
| | 1 | | | | |

Time (ms)

Figure 6. Comparison of the calculated temperature at the defect
location over time for an applied current of 405 A in the case of
samples Ag2, Sty400 and CuNil100. The rising time of the applied
current is 3 ms, then the current remains constant.

5.6. Analytical model of NZPV

We have shown above that the NPZV in REBCO tapes can be
predicted using FEM simulations. However, it would be use-
ful to have a simple analytical model that could predict the
NZPV accurately. An analytical model does not only allow
performing rapid calculations but, it also helps to understand
the underlying physics.

Analytical models to calculate the NZPV in superconduct-
ing wires have been proposed several decades ago for low-
temperature superconductor wires [33, 34]. These models have
been applied successfully on REBCO tapes with a thick cop-
per stabilizing layer (total thickness of 40 pum) [35]. More
recently, Bonura and Senatore proposed an improved formula
to calculate the NZPV of REBCO tapes with 40 pm of cop-
per [36].

One of the main assumptions of these models is that the
dominant characteristic length of the quench behavior is the
thermal diffusion length ()). This is indeed the case when
a thick metallic shunt is present in REBCO tapes. As dis-
cussed in section 5.4, for the tape architectures investigated in
this work, the NZPV is rather dominated by )\, instead of ),.
Indeed, if we calculate the NZPV using the expressions used
by Dresner [34], or Iwasa [35] in the case of sample Ag2, we
obtain for both expressions ~0.2 m s~ for an applied current
of 540 A, which is 17 times lower than the actual measured
value 3.5 ms™!.

Here, we propose a simple analytical model to calculate the
NZPV of REBCO tapes when J, is the dominant characteristic
length. Since the quench of a superconducting tape is a heat-
driven phenomena [33-35], it is justified to develop the model
starting from the heat equation, which is written as follows:

oT



Supercond. Sci. Technol. 35 (2022) 055009

C Lacroix et al

- Table 2. Values of o used to calculated the solid lines in figure 7.
nAg2 aAAgd ¢ CuNil00 Hast500 The corresponding transition temperature T for I,, = I, is also
® Sty400 x CFDAg2 + yCFDAg2 @ bCFDAg1 given.
2 £ 3
10 E ! I I )ﬂ< I ! 3 Sample e T: (K) for I, = I
B ] A2 0.40 87.8
10! 3 3 Agd 0.05 94.1
) E 3 CuNil00 0.45 86.9
=) i 1 Hast500 0.22 90.2
~— 100 & | Sty400 0.19 90.9
E CFDAg2 0.78 80.9
N C ] yCFDAg2 0.50 86.0
Z i T bCFDAg] 0.76 81.3
1071 E 3
B 1 we can separate the samples into two groups, the ‘standard’
102 : : : : L tapes and the ‘CFD’ tapes. In the standard case, we note that
0 200 400 600 800 1,000 1,200 P b
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Figure 7. Experimental NZPV obtained at 77 K in self-field
(symbols) versus applied current for all samples. The solid lines
were calculated with equations (6) and (7).

where p,, is the mass density, C, (T) is the heat capacity, k(T)
is the thermal conductivity and Q; = p(T)J? represent the elec-
tric losses in the tape.

If )\, is the dominant characteristic length of the quench
dynamics, it means that the volume expansion rate of the nor-
mal zone corresponds to the time required to heat the tape
within a length A; in front of the normal zone/supercon-
ducting boundary. We suppose that )\, has no impact on the
NZPV, which allows to neglect the term V- (—k(7)VT) in
equation (5) and leads to equation (4). The NZPV is thus given
by

NZPV = \;/At, (6)

and At by equation (4).

According to [36], the approximation T, ~ (T, + T,)/2
remains a good estimation of T, for REBCO when T > 20 K.
Nevertheless, we propose to use a more general expression for
T, thatis T, ~ aT. + (1 — «)T,, where « can have any value
between 0 and 1. We can then express AT as follows

AT= (T, ~T,) (1 _ Of") . %
0

Equations (6) and (7) were used to fit the experimental val-
ues of NZPV for all samples. For the fitting, all the parameters
were known except a and T.. We note that \; must a priori be
calculated numerically. Using a trial and error method, it was
found that a value of 7, = 95 K yielded the best results for all
samples. We note that this value is slightly higher than 7', val-
ues reported in the literature for REBCO, which are typically
92-94 K. Once T, was fixed, the parameter o was adjusted to
obtain the best results.

The results of the fit are shown in figure 7, while the values
of a and T for I,, = I are given in table 2. We observe that

a<0.5, while in the CFD case, o« > 0.5. Translated in terms of
the transition temperature 77, it means that 7' is lower for CFD
tapes than for standard tapes. This suggests that the energy
required to induce a normal zone in CFD tapes is reduced. This
is in agreement with preliminary measurements of the min-
imum quench energy (MQE) performed on CFD tapes [37],
which seems to indicate that the MQE is lower in CFD tapes
than in standard REBCO tapes.

6. Conclusion

The NZPV of three families of REBCO tape architectures
has been investigated experimentally and numerically. It was
shown that the experimental NZPV values can extend over
more than three orders of magnitude, depending on the tape
architecture and applied current. Also, it was demonstrated
that the dynamic CTL (\;) was one of the key parameters
to increase the NZPV. Furthermore, our results demonstrated
that a higher heat capacity and a thicker metallic shunt reduces
the NZPV. These discoveries led us to propose a simple analyt-
ical model to calculate the NZPYV, in the case where the domin-
ant characteristic length is A\, rather than the thermal diffusion
length A,.

For several years, the NPZV of REBCO tapes was con-
sidered as a parameter that cannot be modified (or just
slightly). We have shown that it can vary over several orders
of magnitude with the appropriate tape architecture. As a rule
of thumb, we can assume that for a REBCO tape with a thick
metallic shunt, its low electrical resistance, high heat capacity
and small \; will lead to a low NZPV value. On the other
hand, for a REBCO tape with a thin stabilizer, its high elec-
trical resistance, low heat capacity and large A\; (especially for
a CFD architecture) will lead to a large NZPV value. Hope-
fully, these findings will guide tape manufacturers and engin-
eers to design the best tape architecture for a specific applica-
tion when quench dynamics is a key issue.
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