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Abstract

®

CrossMark

We have developed TiO, coating on Ag-alloy sheathed Bi,Sr,CaCu,Og_, (Bi-2212) round-wire
conductor for electrical insulation in Bi-2212 magnets. The green coating has a base layer
comprised of TiO,, polyvinyl butyral (PVB) and a small amount of polysilicate and a top layer
made of polyacrylic. The coating was applied on the conductor using a continuous reel-to-reel
dip coating process and showed very good adherence and flexibility that is suitable for magnet
coil winding. The thickness of the coating is a function of slurry viscosity, wire withdrawal
speed and wire radius. Small test coils were built with the coated Bi-2212 round-wires and were
heat treated at 100 atm pressure. During the heat treatment, the PVB and polyacrylic were
removed from the green coating and the polysilicate decomposed to SiO, that served as a
sintering aid for TiO,. After the heat treatment, the coating remained strongly adhered to the
conductor and did not have a detrimental effect on the critical current (I.) values. The breakdown
voltage was about 150V across a 7 um thick heat treated coating on Bi-22112 round-wire
conductor, corresponding to a dc dielectric strength of about 21 MV m™".

Keywords: electrical insulation on Bi-2212 wire, TiO,—SiO, coating, BSCCO (Bi-2212) HTS
magnet, ceramic coating, PVB and polyacrylic, coating thickness in wire

(Some figures may appear in colour only in the online journal)

1. Introduction

Bi-2212 round-wire is a very attractive conductor to build
high field (>20T) and high homogeneity superconducting
magnets including NMR and particle accelerator magnets [1—
8]. Recently, a Bi-2212 superconducting magnet coil
achieved 33.8 T combined field when tested in a 31.2T
resistive magnet [9], thus demonstrating a capability of the
Bi-2212 round-wire conductor to build superconducting
magnets above 23.5 T, which is the limit of Nb-based low
temperature superconductor magnets.

One of the key components of the superconducting
magnet is the electrical insulation on the conductor. Studies
have shown that many magnet failures in the past were related
to the insulation problems [10]. Electrical insulation is not a
requirement in normal operation of the superconducting
magnet because there is almost no electrical resistance in the
winding in the superconducting state. However, while
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charging to the operating current or rapid discharging during a
quench; small voltages will be induced in the coil, which is
given by the relation

V = LdI/ds, (H

where L is the inductance (H) and dZ/dt is the charging rate in
Ampers per second [11]. The induced voltage can lead to
electric short circuits within the windings of the magnet coil
that can be prevented by applying turn-to-turn electrical
insulation in the magnet coil.

Development of an effective electrical insulation on Bi-
2212 round-wire poses several challenges. The insulation has
to be thin to obtain a high winding current density while
having a high dielectric strength to provide sufficient elec-
trical standoff as a thin layer in the magnet coil. The insula-
tion has to be compatible with the ‘wind and react’ process
[6-8] on Bi-2212 magnet coil construction, which involves
winding the magnet conductor on a mandrel to form a coil,

© 2015 I0OP Publishing Ltd  Printed in the UK


http://dx.doi.org/10.1088/0953-2048/28/3/035010
http://crossmark.crossref.org/dialog/?doi=10.1088/0953-2048/28/3/035010&domain=pdf&date_stamp=2015-02-02
http://crossmark.crossref.org/dialog/?doi=10.1088/0953-2048/28/3/035010&domain=pdf&date_stamp=2015-02-02

Supercond. Sci. Technol. 28 (2015) 035010

H Kandel et al

and then processing the coil at up to 900 °C in an oxidizing
environment. In addition, the insulation must not degrade
critical current (1) of the Bi-2212 round-wire.

Traditionally, Bi-2212 round-wire is insulated by rela-
tively thick ceramic fiber wrap or braid. For example, the Bi-
2212 round-wire manufactured by Oxford Superconducting
Technology (OST) has been insulated with alumino-silicate
braid, which, in general has two drawbacks. First, the alu-
mino-silicate braid insulation is ~150 ym thick, which causes
a significant loss of conductor packing factor in the magnet
coil. Second, the alumino-silicate braid insulation reacts with
the Ag-alloy sheath of the Bi-2212 round-wire allowing silver
to be absorbed into the braid [12, 13]. This erodes the Ag-
alloy sheath of the Bi-2212 round-wire and potentially causes
leakage in the wire during the heat treatment [13, 14]. The
critical current (/) of alumino-silicate braided Bi-2212 round-
wire was typically 15-20% lower than that of bare Bi-2212
round-wire [12].

Considerable efforts have been made in developing thin
and effective electrical insulation in Bi-2212 magnets in last
15 years. Celik et al developed less than 15 ym thick ZrO,
based thin ceramic coatings through a sol—gel technique [15—
20]. This insulation coating was also applied on stainless steel
tape for co-winding with the Bi-2212 tape conductor in a
magnet coil which generated 25.05T combined magnetic
field in 19.94 T resistive magnet background [3]. However,
the sol-gel based coating process required multiple coats to
build up sufficient thickness, e.g. 9-13 coats were required to
achieve ~14 um thick coating. Xue et al deposited ZrO,
based ~7 um thick electrical insulation coating in six layers
on Bi-2212 tape conductor using modified combustion che-
mical vapor deposition (CCVD) technique [21]. Recently,
nGimat LLC has developed a TiO, coating on Bi-2212 round-
wire that is ~15 um thick [22-25]. A magnet coil was con-
structed using this coating as electrical insulation which
generated a 2.6 T field increment in 31.2 T field background
[9, 23]. However, further development is required to increase
scrape resistance of the green coating, eliminate some sintered
coating crackings, and improve coating thickness uniformity
to prevent breakdown and current leakage, particularly at
pressure points between adjacent wires [26, 27].

In this context, we began developing a new, thin elec-
trical insulation on Bi-2212 round-wire that meets all the
insulation requirements. We started from the sol-gel derived
Al,03-Si0; coating we developed for stainless steel tape to
insulate the REBCO magnet coil in a 32T all-super-
conducting magnet system being built at the NHMFL [28].
However, the sol-gel material had relatively weak adherence
on the Bi-2212 round-wire and needed multiple coats to build
up sufficient thickness, which made this process less than
ideal for coating the Bi-2212 round-wire. Subsequently, we
developed a new TiO, coating on Bi-2212 round-wire con-
ductor using a reel-to-reel dip coating process with a slurry
that contains TiO, as a ceramic powder and the polyvinyl
butyral (PVB) as a binder. Here, we discuss the development
process and the properties of this insulation coating on the Bi-
2212 round-wire.

Furnaces
3= at150°C

Control unit Coated wire

Traverse guide

Pay-off spool Take-up spool

Top-coat
dip tank

Base-coat
dip tank

Figure 1. A schematic diagram of the Bi-2212 round-wire dip
coating system. The two dip tanks contain the coating solutions for
the base coat and the top coat. The furnaces are used to dry the base
coat and the top coat.

Table 1. Formulation of coating solutions for base coat and top coat
on Bi-22122 round-wire.

Ingredients Function Weight %
Base coat

TiO, powder (40 nm) Ceramic 15.0

Polyvinyl butyral Binder 5.0

Polysilicate sol—gel Binder 1.0

Xylene and ethanol (1:1) Solvents 78.0

Butyl benzoyl phthalate Plasticizer 0.5

Polyalkylene glycol Plasticizer 0.5
Top Coat

Polyacrylic and DI water (1:1)  Binder 100

2. Experimental

2.1. Formulating the TiO» coating solutions

The TiO, slurry was prepared by ball milling 40 nm particle
size TiO, powder (Inframat Advanced Materials LLC, USA),
PVB (Solutia, USA), polysilicate sol—gel (Silbond Co., USA),
butyl benzoyl phthalate and polyalkyline glycol (Tapecasting
Warehouse, USA) in ethanol and xylene (table 1). The ball
milling was performed using ~6 mm diameter cylindrical
ZrO, media for 48 h in a high density polyethylene milling
jar. The resulting slurry had a viscosity of 200 cP at 21 °C
(measured with a Brookfield viscometer) and a surface ten-
sion of 0.02614Nm™"' (measured by the Wilhelmy plate
method at EBATCO, USA).The top coat solution was pre-
pared by mixing DI water with polyacrylic binder (1:1 by
volume) as received from Polymer Innovations, Inc., USA.

2.2. Coating machine and the coating process

We designed and built a reel-to-reel coating system shown in
figure 1. This system consists of a pay-off mechanism, a take-
up mechanism, a pair of vertical tube furnaces connected to
temperature controls, and two dip tanks, one for the base coat
(TiO; slurry) and one for the top coat (polyacrylic solution).
The furnaces are set at 150 °C, which is sufficient for drying

the coatings at a wire speed of 0.01 ms™".
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We coated OST supplied Bi-2212 round-wires using the
dip coating system. The pay-off spool contains the uncoated
wire which rotates allowing the uncoated wire to extend from
the pay-off-spool to the base coat dip tank. The base coat dip
tank contains the base coat slurry as described previously.
The wire leaves the base coat dip tank coated with the base
coat mixture. The coated wire then travels through the first
vertical tube furnace to dry the base coat. After exiting the
first vertical furnace, the wire passes through the top coat dip
tank containing the polyacrylic solution. The top coat coated
wire then passes through the second vertical tube furnace to
dry the top coat. The coated wire is then wounded onto the
take-up spool, which is driven by a motor to draw the wire
through the coating system.

We also coated several copper wires that had different
radii using the TiO, slurry with different viscosities and wire
withdrawal speeds to study the coating thickness as a function
of wire radii, wire withdrawal speed, and the slurry viscosity.
Copper wires were chosen because of their easy availability in
various sizes (diameters) and low cost compared to the Bi-
2212 round-wire.

2.3. Thermal analysis (TGA/DTA) of the coating

The burn-out behavior of the binders in the coating was
examined with TGA/DTA experiment. A small sample was
cut from the fully coated Bi-2212 wire and the dried coating
was scraped from it. About 25 mg of the dried coating was
mounted in the Perkin Elmer TGA/DTA machine. The TGA/
DTA test was run in pure oxygen at one atmosphere at a
heating rate of 5°C min™"' from room temperature to 800 °C.

2.4. Winding into a small Bi-2212 test coil

A small test coil was built on a 15 mm diameter Inconel 600
alloy mandrel using 1.75 m long TiO, coated Bi-2212 round-
wire. Prior to winding into the coil, the mandrel was oxidized
and spray-coated with ZrO, to minimize the reaction between
the TiO, coating and the mandrel. The coil was built to
perform a Bi-2212 heat treatment on the coil.

2.5. Heat treatment of the small Bi-2212 test coil

Based on the TGA/DTA results, the Bi-2212 test coil was
subjected to the heat treatment shown in the figure 2. The first
part of the heat treatment is to gradually decompose, remove
and burn-out the organics from the coating. This was done in
1 atm pure O,. The second step is the standard heat treatment
used for Bi-2212. The heat treatment was done at 100 atm
pressure in an overpressure (OP) furnace containing a mixture
of 1% oxygen and 99% argon. A control sample of uncoated
Bi-2212 round-wire was also OP heat treated with the
test coil.

2.6. Scratch resistance test

A scratch resistance test was performed on the coated Bi2212
round-wires using the home-made Taber scratch tester shown
in the figure 3. The Taber scratch tester contains a 0.60 mm

" (a)
2
2

Of
E 500 °C (0.1h) 1 atm (pure oxygen)
£ 80 °C/h
] 20 °C/h
=4

Time

(b)
888 °C (0.2h)
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o«
L4
o
s}
~n
=2

| 100 atm (99% argon, 1% oxygen) ‘

Time

Figure 2. Heat treatment used for TiO, coated Bi-2212 round-wire.
(a) The organics PVB and polyacrylics were burned out from green
coating during the slow ramp of 20 °C h™" up to 500 °C in 1 atm
pure O,. (b) After burning out the organics, the sample was
transferred to another heat treatment furnace maintained at a pressure
of 100 atm (1% O, and 99% Ar).

(a) (b)

Figure 3. A scratch resistance testing device. (a) modified Taber
scratch tester and (b) a close-up view of the sample holder (sliding
bar) and the reference wire-assembly. The sliding bar that contains
the TiO, coated Bi-2212 wire moves horizontally and rubs against
the reference wire (piano wire) during the scratch resistance test.

diameter piano wire with the round ends (reference wire) that
rubs against the insulation coated Bi-2212 round-wire with a
linear drive mechanism. The insulation coated Bi-2212
round-wire sample was mounted on the sliding bar of the
instrument making contact with the piano wire in orthogonal
direction. The scratch resistance test was performed by sliding
the insulation coated Bi-2212 round-wire against the piano
wire. The contact force between the two wires was increased
by step-wise by applying external loads until coating failure
occurred, as indicated by a electrical short. Two types of data
were recorded: the load at which the coating failure occurred
and the number of scratches required for the coating failure to
occur.

2.7. Thickness and breakdown voltage measurement

The thickness of the coating was measured with a Mitutoyo
digital micrometer with flat anvils and from SEM cross-sec-
tional images. The breakdown voltage measurement was
carried out using a Fluke 1550B Mega Ohm meter at room
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Figure 4. The TGA/DTA data for the TiO, coating (base and top
coat). The TGA plot shows that a significant mass loss occurred
from 170-430 °C whereas the DTA plot shows that the exothermic
reactions occurred near 300 °C and 400 °C.

temperature. The breakdown voltage measurement was done
with two cylindrical electrodes made orthogonally contact to
the insulated wire sample surface with a 0.1 kg force.

2.8. Critical current (I;) measurement

The I. measurement was conducted on several heat treated
insulation coated and bare Bi-2212 round-wires. The mea-
surements were carried out using the standard four-probe
method at 4.2 K, in 5 T field applied perpendicular to the wire
axis. The I, values were determined using the 1xVcm™
electric field criterion.

3. Results

3.1. Thickness and breakdown voltage of the coating

The thickness of the base coat was about 10 ym in the 0.8 mm
diameter Bi-2212 round-wire when coated with slurry having
viscosity of 200cP at 20°C and withdrawal speed of
0.01 ms™'. The thickness of the top coat was about 1um
making total green thickness about 11 ym. The thickness of
the heat treated coating was ~7 um. The breakdown voltage
of 10 heat treated samples taken from different sections of the
heat treated test coil was measured ~150 V, corresponding to
a dc dielectric strength of ~21 MV m™".

3.2. Thermal analysis (TGA/DTA) of the coating

As shown in the TGA/DTA plot (figure 4), a significant
weight loss occurred between 170 and 430 °C. The DTA plot
showed that the exothermic reactions occurred at 300 °C and
400 °C indicating the burning of organics in the coating.

After heat treatment

Figure 5. TiO, coated Bi-2212 round-wire wound onto a 15 mm
diameter mandrel. (a) Green coating after being dried at 150 °C and
(b) coating after being heat treated at 100 atm over pressure system
using Bi-2212 standard heat treatment.

3.3. Heat treated Bi-2212 test coil

Figure 5 shows a picture of the OP (100 atm) heat treated
small Bi-2212 test coil. It was found that the coating adhered
well to the wire and did not flake off during the OP heat
treatment. This clearly indicates the compatibility of the
coating with the OP heat treatment process.

3.4. Scratch resistance test

The scratch resistance test showed that the coating did not fail
until the applied contact force between the reference wire and
the TiO,-coated Bi-2212 round wire reached 5 N. In another
experiment, the coating failed after 100 scratches where the

scratch resistance test was performed under a constant force
of 1N.

3.5. Microstructure

Figures 6 and 7 show cross-sectional SEM images of the
coating on Bi-2212 round-wire before and after the heat
treatment, respectively. The images indicate the coating
adheres nicely to the surface of the Bi-2212 round-wire.
Figure 8 shows the surface of the coating, which is porous
with sintered TiO,. The TiO, has sintered together, but is still
porous.

3.6. Transport critical current (I.)

The I. value of the heat treated bare wire and the TiO, coated
Bi-2212 wires are given in table 2. The results show that the
coating did not degrade the 1.
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Ag-alloy sheath

Bi-2212 filaments

Green coating 30 pm é

Figure 6. Cross-sectional SEM image of green coating (~11 ym) on
a 0.80 mm diameter Bi-2212 round-wire before the heat treatment.

Bi-2212 filaments

10 um

Figure 7. Cross-sectional SEM image of the heat treated TiO,
coating (~7 ym) on a 0.80 mm diameter Bi-2212 round-wire.

.

Figure 8. SEM image of a surface of the heat treated coating on Bi-
2212 round-wire. The coating is sintered and porous, which provides
a pathway for oxygen permeability during the heat treatment of the
Bi-2212 round-wire.

Table 2. Critical current (/) of full heat treated bare and TiO, coated
OST Bi-2212 wires.

Description I.(42K,5T) (A) n-value
Bi-2212 bare wire 3539 15.2
TiO, coated wire 1 380.9 13.2
TiO, coated wire 2 380.1 20.8
TiO, coated wire 3 384.4 15.1
TiO, coated wire 4 374.0 19.9
TiO, coated wire 5 378.9 19.1

4. Discussions

Formulating the coating solution (slurry) is one of the key
components of coating development process. The slurry
consists of ceramics, binders, solvent systems and plastici-
zers. The binders hold the ceramic particles together and also
provide strong bonding between the green coating and the
wire. The solvents dissolve the binder and allow uniform
mixing of the ceramic powder particles and the other com-
ponents in the slurry. The plasticizer provides flexibility so
the coated wire can bend without cracking the coating.
Properly formulated slurry will result in a strongly adhered
coating on the wire both in the green state and after the heat
treatment.

We chose TiO, as the ceramic powder material because
of its relatively low melting point (1742 °C) compared to
Al,O3 (2100 °C), low cost and easy availability. We chose
PVB as a binder for the slurry formulation because it is
widely used binder in the ceramic tape casting industry
[29, 30]. The PVB to TiO, powder ratio is one of the key
parameters in the slurry composition. A very small PVB:
TiO, ratio reduces the coating strength in the green state
whereas a large PVB:TiO, ratio results in poor ceramic
sintering. A PVB:TiO, ratio of 1:3 by weight was selected
for the formulation. We also mixed another binder (poly-
silicate) into the slurry, which decomposes to SiO, at the Bi-
2212 heat treatment temperature and acts as a sintering aid
for TiO,.

Dip coating the Bi-2212 wire with this slurry yields
a reasonably strong green coating on the wire. However,
due to the relatively rough surface of the coating, the
abrasion resistance of the coating was not sufficient for
the coil winding process. Therefore, an additional clear
coat of water-based polyacrylic binder was applied as a
top coat to enhance the abrasion resistance of the
coating.

The TGA/DTA curve showed that the burning of the
majority of the binders and the plasticizers from the cured
coating occurs between 200 and 430 °C, which is higher than
the burning behavior of coating discussed in the reference
[23] where majority of the binder burns off between 100 °C
and 300 °C.

According to White and Tallmadge [31], the thickness of
the wet film % entrained by a moving wire from a reservoir of
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Figure 9. Plot of theoretical and experimental values of TiO, green
coating thickness on Cu wires with various radii. The slurry
viscosity, surface tension and withdrawal speed were 200 cP at
20°C, 0.02614 Nm™" and 0.01 ms™", respectively.
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Figure 10. Plot of the TiO, green coating thickness as a function of
wire withdrawal speed. The coating was applied on a 1.20 mm
diameter Cu wire with the slurry having viscosity 200 cP at 20 °C
and surface tension 0.026 14 Nm™".

viscous liquid is given by

2
he KrCas 2

| — KCa3

Where Ca = nU/y is the capillary number, U is the with-
drawal speed, # is the viscosity, y is the surface tension of the
liquid, r is the radius of the wire, and K=1.33 is a constant.
This theory is valid for Ca < 1 and ignores the role of gravity
in the coating process. We studied the coating thickness
variation as a function of wire radius, slurry viscosity and the
wire withdrawal speed. We calculated the wet coating
thickness using equation (2), with y=0.02614Nm™" and
U=0.01ms™'. The thickness of a dried coating was
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Figure 11. Plot of the TiO, green coating thickness as a function of
slurry viscosity. The coating was applied on a 1.20 mm diameter Cu
wire with a wire withdrawal speed of 0.01 m s™!. The slurry viscosity
was varied by changing the amount of the solvents in the slurry. The
surface tension of the slurry was 0.02 614 Nm™.

calculated based on the observation that the dried coating is
only about 10% (by volume) of the wet coating.

The plot of coating thickness as a function of the wire
radius, the withdrawal speed and the slurry viscosity are given
in figures 9—11, respectively. Our experimental values are
lower than the theoretical values predicted by the
equation (2). The difference between the equation (2) and the
experimental values is probably due to the role of the gravity,
which was ignored in the equation (2). Equation (2) considers
the role of viscous force and the surface tension but ignores
the role of gravitational force. We observed significant drai-
nage of the wet coating in our coating process and assume
that the role of the gravitational force, which is associated
with the drainage of the wet coating, cannot be ignored in the
equation (2). Our hypothesis it that if we consider the role of
the gravitational force in the film entrainment in the
equation (2), which acts in the opposite direction of the vis-
cous force, the thickness values would be less than the current
theoretical values and may agree with our experimental
values. Interestingly, we found a good fit between the
experimental and the theoretical values for K=0.95 instead of
K=1.33 in the equation (2) for the data in the figures 9-11.

We performed OP heat treatment of insulated Bi-2212
round-wire to check the compatibility of the coating with the
OP processing of Bi-2212 round-wire since the OP heat
treatment significantly enhances the critical current density
(J.) in the Bi-2212 round-wire [9]. OP also decreases the wire
diameter. So, it needed to be seen if OP causes the coating to
crack or flake off. We did not see any adverse effect on the
coating and the coating did not flake off and stayed adhered to
the Bi-2212 round-wire conductor after the OP heat treatment.

There was a concern whether the presence of the small
amount of SiO; in the coating would degrade the /. values of
the insulated wire. In particular, in a previous study with SiO,
glass sleeve insulation on Bi-2212 cables, it was reported that
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SiO, formed a glass phase that reacted with the Ag-alloy
sheath of the Bi-2212 round-wire and degraded the /. values
of the Bi-2212 round-wire and Al,O3/Si0, 72%/28% braided
sleeve was suggested as a better alternative [6, 7]. However,
our results clearly indicated that our insulation coating that
contains less than 1% of SiO, does not degrade the /. value of
the Bi-2212 conductor.

Finally, we compare our insulation coating and the
coating process with other insulations applied to the Bi-2212
conductors. The major feature of our insulation coating is that
it uses two different types of organic binders with the TiO,
ceramic powder. The base coat contains the PVB binder,
commercially available non-expensive TiO, ceramic powder,
and the plasticizers. The top coat contains the water base
polyacrylic which improves the abrasion resistance of the
green coating and provides winding durability. Compared to
the metal organics based sol-gel coating process [15-20], our
slurry formulation technique is simple and does not possess
any major safety issues. Moreover, over 10 ym thick coating
is achieved only in one coating cycle showing that the coating
process is more cost effective and simple than the sol-gel dip
coating or the CCVD process, where 10 or more coats are
often required to achieve the same thickness. Our TiO,
coating has higher abrasion resistance than the TiO, coating
in [23]. For example, the scratch resistance test performed on
the green coating under 1 N contact force showed that our
coating fails only after 100 scratches whereas the coating in
[23] fails before 25 scratches. Moreover, the addition of a
small amount of polysilicate binder in the slurry formulation
provides a well adhered and sintered TiO, coating after the
heat treatment. The microstructure of the heat treated coatings
shows that our coating contains very small cracks whereas the
coating in [23] contains large cracks.

5. Summary

We developed a new insulation coating on Bi-2212 round-
wire comprised of TiO, powder, PVB, polysilicate, poly-
acrylic, and the plasticizers in the green body. The green
coating adheres to the wire and has sufficient flexibility for
magnet coil winding. The thickness of the coating is a func-
tion of slurry viscosity, wire withdrawal speed and wire
radius. During the heat treatment process of the Bi-2212 test
coil, the PVB and polyacrylic were removed from the green
coating and the polysilicate decomposed to SiO, that served
as a sintering aid for TiO,. The coating did not flake-off and
stayed adhered nicely to the Bi-2212 round-wire conductor
after the OP heat treatment showing its compatibility with the
OP heat treatment process. The breakdown voltage across the
heat treated ~7 um thick coating on Bi-2212 round-wire was
~150V, corresponding to a dc dielectric strength of about
~21 MV m™". The bare and insulation coated Bi-2212 round-
wires that were heat treated together showed practically the
same /. indicating the insulation did not degrade the I..
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