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Abstract

Superconducting test coils impregnated with ep@mosites containing cubic boron nitride
(cBN) particles, hexagonal boron nitride (hBN) s, and a mixture of cBN/hBN particles
were fabricated, and their thermal and electricapprties were investigated using cool-down,
over-current, and repetitive-cooling tests. Micmes, which may act as major obstacles to the
formation of thermally conductive passages, weienked in the epoxy compaosites containing
the cBN or hBN particle fillers alone but were afise that containing the cBN/hBN patrticle
mixture. The coil impregnated with epoxy containthg cBN/hBN particle mixture also
exhibited superior cooling performance and theraetedtrical stabilities, indicating that this
composite effectively facilitated heat transfenisstn the coil and liquid nitrogen. Moreover,
the addition of the cBN/hBN filler reduced the diince in thermal contraction between the
superconducting tape and epoxy composite. Ovéhnalluse of the epoxy composite containing
the cBN/hBN filler shows potential for the develogmb of highly stable superconducting coils

with considerably enhanced thermal conductivity krd coefficients of thermal expansion.
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1. Introduction

Epoxy resins are commonly used as adhesives, gesatind structural materials in electronic
industries because of their superior mechanicaggniaes, easy processing, low cost, and
excellent moisture/corrosion resistance. Despesdtadvantages, their poor thermal properties,
including their high coefficient of thermal expamsi(CTE) and low thermal conductivity, limit
their wide application. Consequently, the inclussdimorganic fillers is necessary to create
new epoxy resin composites with desired propeftie.

In superconducting magnet applications, particylem rotating machines such as motors
and generators, epoxy resins are used to encapsutasuperconducting magnet to provide
high mechanical reliability and dynamic stabilijowever, because the epoxy-impregnated
magnet virtually experiences a cool-down and opmresequence or occasionally even an
unexpected fault, an epoxy resin with lower CTE higther thermal conductivity and
mechanical strength is preferred [10-15].

Although continuous efforts have been made to imptbe physical properties of epoxy
resins by adding ceramic fillers to them [16-1%mpatible epoxy-filler combinations that can
resist cryogenic conditions and exhibit superi@rthal and mechanical properties should be
developed to effectively realize the practical aggilons of superconducting coils impregnated
with epoxy/filler composites. Hence, much resedras been focused on the development of
advanced epoxy composites containing ceramicdilier use in superconducting magnet
applications [20-22].

Recently, we reported the effects of the additiboepamic fillers such as boron nitride (BN)
and aluminum nitride (AIN) to epoxy composites ba thermal and electrical characteristics of
the resulting superconducting magnets [22]. Thikezastudy demonstrated that the addition of
BN filler (i.e., epoxy/BN composites) yielded suipercooling performance as well as enhanced

thermal and electrical stabilities for the magrmisause of the higher thermal conductivity and



lower CTE of the BN filler. However, for using epdB8N composites as impregnation materials
for the development of highly stable supercondgetioils with enhanced thermal properties,
using BN patrticles with an appropriate shape isearpquisite.

In this study, three superconducting magnets impaegl with epoxy composites containing
cubic BN (cBN) particles, hexagonal BN (hBN) pdd&; and a mixture of cBN and hBN
particles were fabricated, and their thermal aedteatcal characteristics were investigated using
conducting cool-down, over-current, and repetitteeling tests. Furthermore, the composition
and morphology of the epoxy composites were andlysing X-ray diffraction (XRD) and

scanning electron microscopy (SEM).

2. Experimental setup

2.1. Coail construction and instrumentation

Table 1 lists the specifications of the supercotidgdest coil. GdBzCw0; (GdBCO)-
coated conductor (GdBCO CC) tape, a so-called skgeneration high-temperature
superconductor, was wound onto a fiber-reinforcalldiite bobbin with an outer radius of 40
mm. The inner and outer diameters of the GABCOcimibtvith Kapton tape as turn-to-turn
insulation were 80 and 91 mm, respectively.

Fig. 1 presents a photograph of the GABCO testeddre epoxy impregnation and a
schematic drawing of the instrumentation consistihthe array of E-type thermocouples (TCs)
and voltage tap (VT). The temperature profilesheftest coil during cooling testing were
obtained by installing three TCs on the: 1) innestiayer (TC 1), 2) Blayer (TC 2), and 3)
outermost layer (TC 3). The terminal voltage oftigt coil was measured by installing the VT

at both ends of the coil.



Table 1

Specifications of superconducting test coil.

Parameters Values
Superconductor GdBCO-coated conductor tape
Total conductor length used [m] 2.7

Number of turns 10

Inner diameter [mm] 80

Outer diameter [mm] 91

Insulation material Kapton tape
Insulation width; Thickness [mm] 4.1; 0.05

Current leads

o ¥ Voltage tap (VT)
v\é{Q VT 4 Thermocouple (TC)
S & % GdBCO tape
4 ) s‘@ )‘VT+ Kapton tape
. w=  Current lead
Bobbin
80 mm
$TC1
$TC2
$TC3 (not to scale)
(@) (b)

Fig. 1. Photograph of the GABCO test coil beforexgpmpregnation (a) and a schematic

drawing of the instrumentation consisting of thexgarof E-type TCs and VT (b).

2.2. Procedure for epoxy composite preparation

Table 2 lists the specifications of the epoxy resid filler materials [23-24]. In this study,
Stycast 2850 FT manufactured by Emerson and Cu@imgpany was used as the epoxy resin
for the impregnation of the GdBCO test coil. Therthal conductivity and CTE of Stycast 2850
FT were 1.15 W/ and 111.5 ppm/K, respectively. To improve the bal properties of the
epoxy resin, we fabricated three lab-made epoxypomites: an epoxy/cBN composite,
epoxy/hBN composite, and epoxy/cBN-hBN compositee &verage size of the cBN and hBN
particles was ~ fim, and the thermal conductivities and CTE valueBN and hBN were

1300 W/nK, 4.8 ppm/K and 300 W/i4, 0.5 ppm/K, respectively.



Table 2

Specifications of the epoxy resin and filler medki

Parameters Stycast 2850 FT
Company Emerson and Cuming Co.
Thermal conductivity [W/m-K] 1.15

CTE [ppm/K] 111.5
Parameters cBN hBN
Molar mass [g/mol]  40.99 24.82
Average particle size um] ~1

Shape Cubic Hexagonal
Thermal conductivity [W/m-K] 1300 300
CTE [PpmM/K] 4.8 0.5

“obtained at 293 K

The epoxy composites were fabricated using thevidlig procedure: 1) Stycast 2850 FT
(100 g) was mixed with 5 g of filler (for the epdgBN-hBN composite, a mixture of cBN (2.5
g) and hBN (2.5 g) was used); 2) cure agent (Csitay LV) was added to the composites at
room temperature; 3) the epoxy composites wenedtiising a Thinky Mixer ARE-310

(THINKY Co.) for 20 min; and 4) the epoxy compositgere degassed for 30 min [19].

2.3. Cail impregnation

Fig. 2 shows a schematic cross-sectional viewetelkt coil impregnated with the epoxy
composite. To ensure an identical thickness oefiaxy encapsulation for each test coil, 7.1-
mm-high Cu foil was installed with a gap of 3 mnarfr the outer radius of the coil, as
illustrated in Fig. 3. The empty space (the 3-mmj}dsetween the GABCO coil and Cu foil was
filled with the epoxy composite, and it was cured24 h at room temperature. The

specifications of the epoxy-impregnated test caitslisted in Table 3. The critical currentg (



of the coils were measured at 77 K usingi@/icm criterion and aih, of 122 A was observed

for all the three coils. The currents and voltagese monitored and recorded using a data

acquisition (DAQ; NI PXI- 1033, National Instrumento.) system during the measurements.

Smm§ W %

E VT+ VT GdBCO tape
C3 ‘TC 5 ‘TC 1 ; Kapton tape
| —I m=  Current lead
S0nm mm  Copper foil
I 9L mm Bobbin

Voltage tap (VT)
Thermocouple (TC)

3 mm

L B 2

7

1
(not to scale) w2 Epoxy composite

Fig. 2. Schematic cross-sectional view of the ¢egtimpregnated with the epoxy composite.

Fig. 3. Photographs of the test coil during impegn procedure.

Table 3

Specifications of epoxy-impregnated test coils.
Parameters Coil 1 Coil 2 Coil 3
Critical current @ 77 K [A] 122
Epoxy Stycast 2850 FT
Cure agent Catalyst 23 LV
Cure temperature Room temperature
Cure time [h] 24
Filler material cBN nen  CBN-

hBN

Filler content [wt. %] 5




3. Resaults and discussion

The composition and morphology of the three epapmosites were analyzed using X-ray
diffraction (XRD; SmartLab, Rigaku Co.) and scampalectron microscopy (SEM; Quanta 250
FEG, FEI Co.). Fig. 4 presents XRD patterns ofttiiee epoxy composites used as
impregnating materials in this study. The majofrdition peaks of carbon black, epipropidine,
butyl 2, 3- epoxypropyl ether, and alumina, which @mponents of the Stycast 2850 FT
epoxy resin, are observed in all three patternadtiition, the cBN peak is observed at=2
43.3° in Fig. 4 (a) for the epoxy/cBN composites BN peak is observed af 2 26.6° in Fig.

4 (b) for the epoxy/hBN composite, and both the cBid hBN peaks are observed in Fig. 4 (c)

for the epoxy/cBN—-hBN composite.
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Fig. 4. XRD patterns: (a) epoxy/cBN, (b) epoxy/hBidd (c) epoxy/cBN-hBN composites.

20 [Degrees]




Fig. 5 presents SEM images of the three epoxy ceitgm In Figs. 5 (a) and (b), micro-voids
with a lateral size ranging from 0.5 to 1u® are observed. These micro-voids were attributed
to the high viscosity of the epoxy resin, which Icomot perfectly permeate into the space
between the particles. In general, the voids obsthermally conductive passages in the matrix,
leading to a decrease in the thermal conductivfith® epoxy composites [19]. This may lead to
heat accumulation within the superconducting edilich is locally burned-out, or even cause
irreversible damage to the coil. However, the SEMde for the epoxy/cBN-hBN composite
does not contain any micro-voids (see Fig. 5 (epanse the hBN particles effectively filled the

voids produced between cBN particles [17-19].

(b) (©

Fig. 5. SEM images of epoxy/cBN (a), epoxy/hBN @)d epoxy/cBN-hBN composites(c).



To investigate the cooling performance of the teds, cool-down tests were performed in a
liquid nitrogen (LN) bath (77 K). Fig. 6 presents the temperatureetad the test coils
obtained during the cool-down from room temperataré7 K. As soon as the coils were
immersed in the Lhbath, the temperatures of all the coils startedettrease drastically and
eventually reached 77 K. The times required tolréacK at TCs 1, 2, and 3 for coils 1, 2, and
3 were 467, 407, and 372 s; 507, 476, and 412ds348, 270, and 245 s, respectively. Thus,
coil 3 exhibited faster cooling times than coilarid 2, indicating that the epoxy composite
containing the mixture of cBN and hBN particlesilitated heat transfer between LBnd the
coil. This effect occurred because of the abseficéiayo-voids, as observed in the SEM
images. In other words, the micro-voids observetthénepoxy composites for coils 1 and 2 may
have acted as major obstacles for the formatidgheymally conductive passages within the

epoxy composite, resulting in the poor thermal catidn.
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Fig. 6. Cooling test results of coil 1 (a), coi{l®), and coil 3 (c) obtained during cool-down

from room temperature to 77 K.



To examine the thermal and electrical stabilitiesails 1, 2, and 3 in excessive current
conditions, over-current tests were performedhéndver-current tests, the operating curregy (
was increased at a charging rate of 1 A/s and aiaid at each target current for 60 s before
being reduced to 0 A at a discharging rate of 4. XWhen the terminal voltage reached 2.0 mV,
the test was stopped to prevent damage to the coils

Fig. 7 presents the over-current test resultsifertést coils. As observed in Fig. 7 (a), when
the operating current of 122 A (i.&,, = 1) was applied to coil 1, the total voltage inityall
started to increase at 117 s, reached a maximuwme wdl0.20 mV at 126 s, and was then stably
maintained for 60 s, indicating thermal equilibritsetween the LNcooling and Joule heat
induced by the quench. Thereafter| gslecreased, the total voltage also decreased maity/fi
reached zero. The test result$,at= 1.01,, 1.02, 1.03, and 1.04 showed similar behaviors
as those obtained k};, = 1.00.. The voltages started to increase abruptly, rehttner
maximum values, and finally decreased to zero. Hewevhenl,, was further increased to
1.09,, the voltage continuously increased, indicatirgdhcurrence of a thermal runaway
phenomenon that might cause permanent damage toithds shown in Figs. 7 (b) and (c),
thermal runaway phenomena were observed for ca@itsi23 during the tests at 1104nd
1.09, respectively. These results indicated that teentlal runaway current for coil 3 (i.e., 133
A) was higher than those for coil 1 (128 A) and @0§127 A) because of the enhanced thermal
conductivity of the coil impregnated with the ep@8N-hBN composite, which allowed hot
spots to be dissipated more effectively in the eeéa quench. These results confirm that the
epoxy/cBN-hBN composites could improve the theramal electrical stabilities of the coil
because the addition of the mixture of cBN/hBN igles inhibited the formation of voids,
resulting in superior thermal conduction within ttwel.

To investigate the effect of BN filler additions the thermal contraction between the
GdBCO tape and epoxy compaosites, repetitive-codbsts for the coils were conducted using
the following procedure: the coil was cooled tok7 thel value of the coil was measured, and

then, the coil was heated to room temperature. & bteps were repeated 25 times.
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Fig. 7. The over-current test results for coil }, (il 2 (b), and coil 3 (c).
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Fig. 8 presents the repetitive-cooling test redoltsoils 1, 2, and 3. Thig values of coils 1,
2, and 3 after the #%est decreased to 101, 107, and 120 A, respegtivetause of the
difference between the CTE of the GdBCO tape awndyepomposite. The test results indicate
that coil 3 exhibited 1.72 % degradation inlitgalue, which was remarkably lower than those
of coil 1 (16.3 %) and coil 2 (12.2 %). This findimas attributed to the smaller difference
between the CTE of the GdBCO tape and epoxy congfusi coil 3; the relatively high density
of the epoxy/cBN-hBN composite without voids mayééed to its low CTE. Overall, the
addition of the cBN/hBN filler particles to the eqgyoresin reduced the thermal contraction

difference between the GABCO CC tape and epoxy osite
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Fig. 8. Repetitive-cooling test results for coil2land 3.

4. Conclusion

In this study, the cooling performance and theretettrical characteristics of GABCO-
coated superconducting coils impregnated with epaxgposites containing cBN patrticles (coil
1), hBN particles (coil 2), and a mixture of cBNMBParticles (coil 3) were investigated using

cool-down, over-current, and repetitive-coolingse$he SEM images revealed that micro-



voids were present only in the epoxy compositesatoimg cBN or hBN particles alone
because the epoxy resin with high viscosity coddperfectly permeate into the space between
the particles. For the epoxy/cBN-hBN composite hB& particles effectively filled the voids
produced between cBN particles, leading to theratesef micro-voids. The cool-down tests
from room temperature to 77 K confirmed that co@X®ibited a faster cooling time than coils 1
and 2, indicating that the epoxy composite contgrihe mixture of cBN and hBN particles
could effectively facilitate the heat transfer beém LN2 and the coil. The over-current test
results indicated that the current causing thetthérunaway phenomenon for coil 3 (133 A)
was higher than those for coil 1 (128 A) and cdi127 A), because of the enhanced thermal
conductivity of the coil impregnated with the epBN-hBN composite, which allowed hot
spots to be dissipated more effectively in the eeéa quench. In the repetitive-cooling test,
coil 3 exhibited a 1.72 % degradation inligsalue, which was remarkably lower than those of
coil 1 (16.3 %) and coil 2 (12.2 %). The reducedrddation for coil 3 was attributed to the
smaller difference between the CTE of GABCO tajktha epoxy composite.

Overall, the addition of a mixture of cBN/hBN patts to the epoxy resin may be preferable
to achieve highly stable and mechanically densersopducting coils with high thermal
conductivities and low CTEs. Further studies ondffiect of the content, size, and degree of
dispersion of filler particles in epoxy compositesthe thermal/electrical characteristics of
superconducting coils will be carried out in theufe to further improve the thermal properties

of the epoxy composites developed in this study.
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Figure Captions

Fig. 1. Photograph of GABCO test coil before epioxgregnation (a) and schematic drawing of
the instrumentation consisting of the array of getyf Cs and VT (b).

Fig. 2. Schematic cross-sectional view of the ¢tegtimpregnated with the epoxy composite.
Fig. 3. Photographs of the test coil during impeagg procedure.

Fig. 4. XRD patterns of (a) epoxy/cBN, (b) epoxyfhBEnd (c) epoxy/cBN-hBN composites.
Fig. 5. SEM images of (a) epoxy/cBN, (b) epoxy/hBiNd (c) epoxy/cBN-hBN composites.
Fig. 6. Cooling test results of coil 1 (a), coi{l®), and coil 3 (c) obtained during cool-down
from room temperature to 77 K.

Fig. 7. Over-current test results for coil 1 (il  (b), and coil 3 (c).



Fig. 8. Repetitive-cooling test results for coil]21and 3.

Table Captions
Table 1 Specifications of superconducting test coil
Table 2 Specifications of epoxy resin and fillertengls.

Table 3 Specifications of epoxy-impregnated te@sco



