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trical insulation with high thermal conductivity is evaluated. The
thermal conductivity of the insulation is measured at cryogenic
temperatures, and its chemical compatibility with Bi2212 round
wires is determined. Thin layers of the insulation are deposited
onto the surface of Bi2212 and YBCO wires, which are then wound
into small coils to study the quench behavior. Results show that
the critical current and homogeneity of Bi2212 coils are improved
relative to coils reacted with mullite insulation. Relative to similar
coils with conventional insulation (mullite for Bi2212 and Kapton
for YBCO), the turn-to-turn quench propagation is increased by a
factor of 2.8 in Bi2212 coils at 4.2 K and self-�eld and by a factor
of 2.5 in YBCO coils at 4.2 K and 5 T. These results indicate that
doped-titania insulation may signi�cantly improve Bi2212 and
YBCO coils. Increased normal zone propagation velocity enhances
quench detection and quench protection, and the thinness of the
insulation relative to the most common alternatives increases the
magnet winding pack current density and reduces the coil speci�c
heat.

Index Terms—Bi

2 Sr2 CaCu2 Ox, high-temperature supercon-
ductor (HTS), insulation, quench detection, quench protection,
thermal conductivity, YBa2 Cu3 O7−x.
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superconductor (HTS)-based wires and, in particular,

Bi

2Sr2CaCu2Ox (Bi2212) round wires (RWs) and
YBa2Cu3O7−x (YBCO) coated conductors (CCs) has
progressed such that large-scale magnet development projects
are under way. These projects either take advantage of the
ability of HTS conductors to carry high transport current
density at high magnetic field and low temperature for appli-
cations in science (nuclear magnetic resonance and high-energy
physics) [1], [2] and energy storage [3], [4] or at relatively
low magnetic field and elevated temperature for applications in
Computational results showed that this approach significantly
improves the turn-to-turn NZPV, resulting in a magnet that is
more stable (higher MQE) and easier to protect through 3-D
growth of the normal zone [19].

Here, we report on a thermally conducting electrical insulator
developed specifically for HTS magnets. The insulation, i.e., a
doped-titania nanopowder, is produced by a combustion chem-
ical vapor condensation (CCVC) technique. Results reported
include measurements of the thermal conductivity at room
temperature (RT) and cryogenic temperatures, critical current
measurements to determine the chemical compatibility of the
insulation with Bi2212, and measurements of the effects of
the insulation on transverse quench propagation in Bi2212 and
YBCO coils.
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Fig. 3. Schematic of the voltage tap positions, current leads, and heater for the Bi2212 coils.

Fig. 4. Instrumented YBCO coils with (a) Kapton insulation and (b) doped-
titania insulation.

contact pads on the sample, and the sample is mounted to the
G-10 stage. The gold wires are then connected to copper con-
nector block contacts that surround the edge of the stage. The
copper connector blocks are used to connect to the instrumenta-
tion (current and voltage) for the measurement. Thermocouples
are epoxied to the stage and to the sample to monitor the
temperature. The stage is then immersed into a cryostat that is
filled with either liquid nitrogen or liquid helium.

The approach is first validated using measurements of sap-
phire, silicon, and glass and compared the results to published
values. Subsequently, the thermal conductivity of each sample
is measured several times at different locations on the sample
and repeated several times to reduce the measurement error.

C. Critical Current

The critical current Ic of short samples is measured at self-
field in liquid helium using the standard four-probe technique.
The voltage-tap spacing is 20 mm on each sample, and a
1-µV/cm electric field criterion is used to determine Ic. Two
samples of each type are independently measured. After mea-
suring Ic, the sample surfaces and cross sections are imaged in
a JEOL JSM-6010LA scanning electron microscope (SEM).

The self-field Ic as a function of location is measured on
the Bi2212 coils at 4.2 K. Similar to the short-sample mea-
surements, Ic is determined for each section using a 1-µV/cm
electric field criterion.

D. Quench Measurements

Quench experiments follow similar protocols as previously
reported quench experiments [10], [15], [16], [18]. Bi2212

coils are quenched at 4.2 K, self-field. After initiating a 100-A
transport current in the coil, quenches are induced by a 0.3-s
50-V pulse into the heater wire, corresponding to 20 J of
energy. Voltage versus time is monitored and recorded for all
voltage taps. After completing the testing of Bi2212 coils, the
mullite-insulated coil is deconstructed into short samples and
the transport Ic is measured at 4.2 K in self-field.

The quench behavior of the three YBCO coils is measured
at 77 K, self-field, and subsequently at 4.2 K and 5 T. For
77-K measurements, the coils are operating with a 60-A trans-
port current, whereas for the 4.2-K 5-T measurements, separate
quench measurements are made with transport currents of 150
and 250 A. All YBCO coil quenches are induced by a 0.3-s
50-V heater pulse, corresponding to 20 J of heat. For the 4.2-K
measurements, the magnetic field is oriented parallel to the
wide face of the tape (i.e., the superconducting magnet provid-
ing the background magnetic field and the YBCO pancake coils
are coaxial). The quench test protocols for the YBCO coils are
otherwise the same as for the Bi2212 coils.

NZPVs are calculated directly from the voltage–time data.
The NZPV is equal to the distance between neighboring voltage
taps divided by the time delay between each of the taps reaching
a voltage criterion chosen such that the voltage–time curves are
nearly parallel (see, for example, [8, Fig. 11]). For the Bi2212
coils, the voltage criterion is 0.010 V, whereas for the YBCO
coils, a 0.050-V criterion is used.

III. RESULTS AND DISCUSSION

A. Thermal Conductivity

Thermal conductivity measurement results for sapphire
(36 W/m·K), silicon (147 W/m·K), and glass (1.1 W/m·K) are
within 4% of published values for these materials, confirming
the measurement approach. The thermal conductivity values of
the polyimide and the doped-titania (small and large particle)
insulation coatings at RT, 77 K, and 4.2 K are shown in Table II.
The nanoparticle additions significantly increase the thermal
conductivity at all temperatures; ∼4 times higher at RT and
77 K and about an order of magnitude at 4.2 K. In addition,
included in the table are values for Kapton [28], [29]; note
that the thermal conductivity of the doped-titania insulation is
a factor of 5 greater than Kapton at RT, a factor of 3 at 77 K,
and a factor of 10 at 4.2 K. For mullite, the RT values vary
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TABLE II
THERMAL CONDUCTIVITY VALUES Ks OF POLYIMIDE AND DOPED-TITANIA INSULATION COATINGS AS A FUNCTION OF

TEMPERATURE (MEASURED HERE); LITERATURE VALUES FOR KAPTON ARE INCLUDED AS WELL

Fig. 7. Cross-sectional images of the outer edges of Bi2212 wires after heat
treatment: (a) bare wire; (b) doped-titania insulated wire; (c) doped-titania
insulated wire with a polyimide topcoat; and (d) wire with braided-mullite
insulation. Note that the polyimide burns out during heat treatment.

the heater is not used for calculating the NZPV because the
behavior is overly influenced by the heat pulse rather than the
more intrinsic propagation.

The effects of the doped-titania insulation on the NZPV,
relative to conventional insulation coatings, are remarkably
consistent, with propagation increasing by factors ranging from
2.1 to 2.8. It is interesting to compare the results for the YBCO
coils with increasing transport current; the NZPV for the doped-
titania insulated coil nearly doubled when the current was
increased from 150 to 250 A, whereas the increase in prop-
agation velocity in the Kapton-insulated coil was only about
50%. During a quench, increased transport current corresponds
to increased joule heating in the normal zone. Thus, at higher
transport current and higher joule heating, the effectiveness of
increased turn-to-turn thermal conductivity is also increased.
The small size of the Bi2212 and YBCO coils may minimize
the effects of the insulation due to the effects of cooling at the
coil surface. In large epoxy-impregnated coils, the increase in
NZPV relative to Kapton or mullite is likely to be significantly
greater.

It is important to note that, because the doped-titania insu-
lation is significantly thinner than the mullite braid and the
Kapton, the overall current density of a magnet is significantly

increased. This increases the magnetic field generated per am-
pere of current (the “coil constant”), reducing conductor costs
for large magnets. Reduced insulation thickness also results
in reduced specific heat (due to the reduction in the volume
of material), which also accelerates normal zone propagation.
Considering the coils studied here, the volume of the doped-
titania insulated Bi2212 coil is 37% less than that of the mullite-
insulated coil and the volume of the doped-titania YBCO coils
is 25% less than that of the Kapton-insulated coil. Because
these coils have a relatively small diameter, it is difficult to
determine precisely how much the increase in NZPV found here
is due to the increased thermal conductivity and how much is
due to the decrease in specific heat without detailed modeling;
the impact on coil performance, however, is evident.

It is also interesting to compare the results from the
Bi2212 coil to those from the YBCO coil. While the NZPV
varies with operating current and temperature, the NZPVs in
the YBCO coils at 4.2 K are significantly faster than those in the
Bi2212 coils. This is primarily due to the coil geometries. The
Bi2212 coils are RWs; hence, the turn-to-turn contact is that
of two adjacent circles. If the wires are perfectly round and
the coil is perfectly wound, then there is only point-to-point
contact between the insulated wires. The epoxy fills in the gaps;
thus, a more thermally conducting epoxy would further enhance
propagation. The YBCO coils, however, are pancake wound;
thus, the turn-to-turn contact area is that of the wide face of
the conductor and the effects of increased turn-to-turn thermal
conductivity are most pronounced.

IV. SUMMARY

A thin thermally conducting electrical insulation based upon
doped-titania nanoparticles has been studied for the turn-to-
turn insulation in Bi2212 and YBCO coils. The doped-titania
nanopowders are incorporated into a polyimide matrix and
applied to the surface of the superconducting wires. The in-
sulation is also deposited on standard substrates in order to
measure its thermal conductivity as a function of temperature.
The chemical compatibility of the insulation with Bi2212 wires
is studied through measurements of the transport critical current
of Bi2212 wires and coils, as compared with bare wires and
mullite-insulated wires. The impact on the NZPV of Bi2212
and YBCO coils is measured and compared with the NZPV of
coils insulated with mullite and Kapton.

Results show that the doped titania significantly increases the
thermal conductivity of polyimide, particularly at 4.2 K. As a
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Fig. 8. I c of 4.2 K, self-Þeld, as a function of location within the Bi2212 coils (and ETE values as well); the short-sample data are also shown for comparison.
Note that in the mullite coil, because of the lowI c in sections 1 and 2, it was not possible to ramp the current sufÞciently high to determine the critical current in
sections 3Ð8. Thus,I c values for those sections are obtained by deconstructing the coil and measuring short samples after quench testing is completed.

Fig. 9. Voltage versus time and location in the Bi2212 coils during quenching at 4.2 K, self-Þeld. See Fig. 4 for the deÞnitions of Y1, Y2, and Y3 (voltage
tap locations within the coils). (a) Bi2212 coil with braided-mullite insulation. (b) Bi2212 coil with doped-titania insulation. (c) Bi2212 coil with doped-titania
insulation and a polyimide topcoat.

result, the doped-titania-based insulation has a thermal conduc-
tivity value that is an order of magnitude greater than that of
Kapton in liquid helium. Short-sample and coil measurements

of doped-titania insulated Bi2212 show no deleterious reactions
between the insulation and the Bi2212 wire. No signiÞcant
reduction in the critical current density of the Bi2212 wires is
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TABLE III
TRANSVERSE (TURN-TO-TURN) NORMAL ZONE PROPAGATION VELOCITIES AT 4.2 K, SELF-FIELD, FOR BI2212 COILS

WITH MULLITE AND DOPED-TITANIA INSULATION (TRANSPORT CURRENT = 100 A)

Fig. 10. Voltage versus time and location in the YBCO pancakes during quenching at 77 K, self-field, with a transport current of 60 A. See Fig. 6 for the
definitions of Y1, Y2, Y3, and Y4 (voltage tap locations within the coils). (a) Kapton-insulated coil. (b) Doped-titania insulated coil.

Fig. 11. Voltage versus time and location in the YBCO pancakes during quenching at 4.2 K and 5 T with a transport current of 150 A. See Fig. 6 for the
definitions of Y1, Y2, Y3, and Y4 (voltage tap locations within the coils). (a) Kapton-insulated coil. (b) Doped-titania insulated coil.

Fig. 12. Voltage versus time and location in the YBCO pancakes during quenching at 4.2 K and 5 T with a transport current of 250 A. See Fig. 6 for the
definitions of Y1, Y2, Y3, and Y4 (voltage tap locations within the coils). (a) Kapton-insulated coil. (b) Doped-titania insulated coil.
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