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Abstract – Degradation due to delamination occurs frequently in the high temperature superconductors 
(HTS) coil of rotating machines made with 2nd generation (2G) HTS wire, and the authors have 
observed other similar cases. Since an HTS field coil for a rotating machine is required to have stable 
current control and maintain a steady state, co-winding techniques for insulation material and epoxy 
resin for shape retention and heat transfer improvement are applied during coil fabrication. However, 
the most important limiting factor of this technique is delamination, which is known to be caused by 
the difference in thermal expansion between the epoxy resin and 2G HTS wire. Therefore, in this 
study, the experimental results of mixing the ratio of epoxy resin and alumina (Al2O3) filler were 
applied to the fabrication of small and large test coils to solve the problem of degradation. For the 
verification of this scheme, eight prototypes of single pancake coils with different shapes were 
fabricated. They showed good results. The energization and operation maintenance tests of the stacked 
coils were carried out under liquid neon conditions similar to the operation temperature of an MW-
class rotating machine. In conclusion, it was confirmed that the alumina powder mixed with epoxy 
resin in an appropriate ratio is an effective solution of de-lamination problem of 2G HTS coil. 
 

Keywords: 2G HTS coil, Degradation, Delamination, Insulation material, Epoxy resin, Filler, 
Coefficient of thermal expansion. 

 
 
 

1. Introduction 
 
Recently, the development trend of superconducting 

rotating machines has mainly involved large synchronous 
rotating machines (such as wind turbines) with a capacity 
of 10 MW or more, and superconducting coils have become 
larger [1]. The application of superconducting technology 
enables the compactness and light weight of a large-
capacity rotating machine. However, the superconducting 
coil needs to resist a high amount of stress, so a robust 
superconducting coil is required. For this purpose, the 
researchers tried to secure the robustness by applying 
epoxy resin to the superconducting coils in rotating 
machine-related studies. However, since the early use of 
2G HTS wire, the degradation of HTS coils has occurred in 
the process of developing coils for rotating machines using 
epoxy resin. As a result, various experimental studies have 
shown that delamination occurs due to the difference in 
thermal expansion between the epoxy resin and the metal 
material composing 2G HTS wire [2], and the performance 
decreases as cooling and heating are repeated [3, 4]. It has 
also been confirmed that the cause of the problem is related 
to the multi-layer structure and bonding strength of 2G 

HTS wire [5-8]. To solve the problem of degradation, there 
have been various studies (examining, for example, no-
insulation coil technology, polyimide coating, and the 
improvement of the peel-off strength of the wire), but 
rotating machine applications have not been confirmed yet 
[9-11].  

In this study, to solve the thermal expansion difference 
of the epoxy used in the prototype production, the method 
of adding a filler with good electrical insulation and 
favorable heat transfer was selected. First, a field coil for 
an MW superconducting rotating machine was designed, 
and a coil bobbin for a prototype and test coil was 
fabricated. Filler specimens were prepared by mixing two 
kinds powder of alumina (Al2O3) and silica (SiO2) with 
epoxy resin [12, 13] and were tested by thermal expansion 
coefficient measurement [14]. The mixing ratio was 
selected based on the test results and the viscosity suitable 
for the winding process; it was applied to the test coil first. 
The test coils were fabricated in two sizes: small and large. 
Each was tested for stability with a LN2 (liquid nitrogen) 
test. The large test coils were subjected to LNe (liquid Ne) 
condition conduction cooling and energization tests. The 
process identified from the test coils was applied to the 
fabrication of eight prototypes of single pancake coils 
(12 coils in total/pole). The prototype coils were stacked 
for final verification, and energization tests were conducted 
using the LNe condition conduction cooling tester. In 
order to verify the safety of laminated coils, the operating 
current was maintained at 125% of the design current for 
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more than 2 hours and finally at 100% for more than 30 
hours. From the experiments and results, we confirmed 
the possibility of decreasing the degradation of super-
conducting coils by applying an appropriate ratio of mixed 
filler. 

 
 

2. Design of an HTS Prototype Field Coil 
 
The field coil design is based on the assumption that the 

magnetomotive force is arranged considering the cross- 
sectional area of the superconducting wire and the dot 
turn ratio of the field winding. Fig. 1 shows the magnetic 
flux density distribution of the designed field coil, and 
the specifications are given in Table 1. However, the 
cross section of the superconducting wire used in the field 
winding is a tape shape, and the superconducting wire 
should be arranged in a step shape (as shown in Fig. 1) to 
make the air magnetic flux density sinusoidal. 

In order to reduce the volume of the superconducting 
wire and the structure supporting the superconducting wire, 
the end shape of the field winding was redesigned (as 
can be seen in Fig. 2) from a circular shape to a shape with 
straighter corners. As a result, the use of superconducting 
wire has been reduced by 4.6%, and the field winding 
end height in the axial direction was reduced by 28% 
under the same output characteristics. In addition, as the 
cross-sectional area of the field coil end decreased, the 
magnetomotive force of the field coil increased, and the 
maximum magnetic field on the field coil increased to 1.8 
T. The coil bobbin was made of the same material as the 
lamination of the superconducting wire, and aluminum 
heat transfer plates with insulation coating were installed 
on the top and bottom. 

Table 2 shows the specifications of the specimens for 
confirming the mechanical properties of the 2G HTS 
wire used for coil fabrication. The thickness of the 
superconducting wire in Table 2 was soldered on both sides 
of the 50 µm-thick brass stabilizer. In order to prevent 
the degradation of the superconducting coil, the thermal 
expansion property improvement test of the bonding 
material was performed by mixing the epoxy and the 
filler. The results were applied to fabricate small and large 
test coils, and LN2 and 30 K conduction cooling tests were 
performed for each case. 

 
Stator coil

Magnetic 
pole of 
field coilMagnetic 

pole of 
stator coil

Bmax.

 
Fig. 1. Magnetic flux density distribution in the field coil 

Table 1. Specifications of the HTS field coil 

Major design contents Specifications 
Operating current 

no. of turns per pole 
Straight part length of the HTS coil 
Required HTS wire length in total 

Max. magnetic field  

100 [A] 
2,335/12 coils 

1.2 [m] 
55.1 [km] 

1.4 [T] 

 
Table 2. Specifications of 2G HTS wire 

HTS material Contents Specifications 

GdBCO 

Wire width 
Wire thickness 

Lamination material 
Lamination thickness 

4.1~4.3 [mm] 
0.2~0.22 [mm] 

Brass 
50 [µm] 

 

Bmax.

 
Fig. 2. Changing the shape of the coil end of the HTS field 

coil 
 
 

3. Experimental Setup and Test Results 
 
Fig. 3 shows the composition of the device for 

measuring the thermal expansion rate of bonding material 
when the epoxy resin and filler are mixed [13]. The filler 
used in this test was alumina (Al2O3) and silica (SiO2). The 
specific particle size was selected, and the mixing ratio was 
varied. For the measurement of the thermal expansion 
coefficient, each sample was made with a length of 100 
mm, a width of 10 mm, and a thickness of 1 mm, and they 
were tested by using the test apparatus shown in Fig. 3. 
The thermal contraction and the coefficient of thermal 
expansion (CTE) of each sample were calculated using 
equations 1 and 2 [14].    

 

 
sample ext.

@77 @ .
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where /L LD 	 is the thermal contraction of the sample, 

VsampleD 	 corresponds to the difference in voltage reading 
of the sample when cooling from room temperature to 77 
K, .extV  is the initial voltage reading of the double 
extensometer, @77KCF  is the calibration factor at 77 K, 

.extGL  is the gauge length of the double extensometer, α	 is 
the CTE, and ΔT	 represents the temperature difference 
from room temperature to 77 K. 
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Fig. 3. Test setup for thermal strain measurement of the 

mixed epoxy resin and filler sample at 77 K 

 

#0

#1

#2
#3 #4

#5

#6
#7 #8

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0
0 50 100 150 200 250 300

Th
er

m
al

 E
xp

an
si

on
 R

at
io

 [%
]

Powder Content (PHR)

Al2O3
SiO2

 
Fig. 4. Test results of the thermal expansion rate of the 

epoxy resin and filler sample 
 
Fig. 4. shows the thermal expansion rate of the sample at 

77 K, which is according to the filler type and mixing rate. 
The mixture of epoxy resin and filler was made by weight 
ratio. The results of sample #8 (280%) mixed with silica 
showed a similar thermal expansion coefficient at the 
liquid nitrogen temperature of the metal material used in 
the superconducting wire. Alumina filler-mixed specimens 
had a maximum thermal expansion coefficient of -0.5%. In 
this study, the mixing ratio corresponding to #3 (130%) 
specimen was selected and standard was viscosity. The 
higher the mixing ratio of the filler, the more similar the 
coefficient of thermal expansion to the metallic material, 
such as copper (Cu: -0.3%), of the superconducting wire. 
However, because of the high viscosity, the equipment and 
process used in this study were not capable of winding. 
The silica mixed sample showed a thermal expansion 
coefficient closer to that of the metal material than that 
using alumina, but was not applicable because of its high 
viscosity. 

 
3.1 Small test coil 

 
A small test coil was first fabricated and verified using 

the test results of the bonding material. Fig. 5 shows the 
external appearance of a small test coil. In the form of a 

SP(single pancake), the current terminals are installed at 
the innermost turn and the outermost turn. A thermal plates 
were placed on the upper and lower sides of the coil, and 
the straight portion and the end-turn portion were cut to 
confirm the winding state. A voltage tap for measuring the 
coil voltage was installed in the end-turn. As shown in 
Table 3, the coil bobbin has a length of 300 mm and a 
curved portion of 50 mm on both sides. The wire used to 
make the test coil is the same as in Table 2, and 100 turns 
were wound with a tension of 59 N. 

Fig. 6(a) shows the typical degradation occurring in a 
small test coil with a filler-free epoxy. The results were 
obtained by repeating the liquid nitrogen cooling and the 
room temperature elevation process nine times. As the 
repetition test progressed, the degradation of the coil’s 
performance became worse. In contrast, Fig. 6 (b) shows 
the case where the mixing ratio of the epoxy and filler of 
sample #3 in Fig. 4 was applied, and the performance 
deterioration improves unlike Fig. 6(a). 

 
3.2 Large coil test  

 
A large test coil was fabricated based on the results 

obtained from the small test coil. Table 4 shows the major 
dimensions and specifications. The large test HTS coil was 

Table 3. Specifications of the small test coil 
HTS Coil Contents Specifications 

Small test coil 

Bobbin end radius 
Bobbin length 

no. of turns 
Winding tension 
Winding method 
HTS wire length 

Insulation material 

50 [mm], 
300 [mm] 

100 
59 [N] ± 2.9 

Wet (with epoxy resin) 
79 [m] (one piece) 
Polyimide, 25 [µm] 

 
Table 4. Specifications of the large test coil 

HTS Coil Contents Specifications 

Large test coil 

Bobbin width  
Bobbin length 

Coil length 
no. of turns 

Winding tension  
Winding method  
HTS wire length 

Insulation material  

337 [mm] 
1,365 [mm] 
1,556 [mm] 

291 
34~24.5 [N] ±2.9  
Dry, Wet (epoxy) 

1,007 [m] (5 joints) 
Polyimide, 25 [µm] 

 

Outer terminal 

Inner terminal 

Thermal plate 
upper

Thermal plate 
lower

2G HTS coil
Upper

thermal plate

Lower
thermal plate  

Fig. 5. Configurations of the small test coil 
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also made of a SP coil, and the coil has a size of about 
1.6m with 291 turns. The winding tension was decreased 
gradually from 34 N to 24.5 N. The LN2 cooling and 
energization tests were first carried out by dry winding the 
large test coils, and after unwinding through heating and 
drying processes, they were rewound using the wet-

winding method with the epoxy resin. The results of the 
LN2 cooling and energization tests for both cases are 
presented in Fig. 7, which shows similar Ic values in both 
cases without performance degradation. In the test results, 
the reasons why the Ic value is slightly higher when the 
epoxy resin is used are that the number of windings of the 
coil applied by the epoxy resin is reduced by about 40 turns 
and the coil shape is fixed by the epoxy resin used. 

Fig. 8 shows the large test coil mounted on the conduction 
cooling test device. The conduction cooling test rig is 
capable of testing coils up to 1,000 mm in width, 2,000 
mm in length, and 500 mm in end radius, and it has a 
maximum cooling capacity of about 150 W at the designed 
operating temperature (30 K). The test measurement 
temperature is maintained by a large heater and a heater 
controller installed at the bottom of the conduction cooling 
plate. Fig. 9 shows the results of measuring magnetic flux 
generation while maintaining a large test coil in a conduction 
cooling test apparatus and cooling to a temperature of 30 
K with flowing currents of 100 A, 120 A, and 135 A for 2 
hours. It can be seen that the supply current and the 
generated magnetic flux are linearly changed and maintained, 
and it was confirmed that the coil is stable through 
maintenance for 2 hours. 
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(a) Coil with the epoxy (filler-free) 

0 20 40 60 80 100 120
0

2

4

6

8

10

12

Vo
lta

ge
 (m

V)

Coil current (A)

 ther01
 ther02
 ther03
 mech01
 mech02
 wet01
 wet02
 wet03

#1 test
#2 test
#3 test
#4 test
#5 test
#6 test
#7 test
#8 test

1μV/cm criterion

 
(b) Coil with the epoxy and filler 

Fig. 6. Comparison of the test results with and without 
filler (LN2 cooled and thermal cycling test) 
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Fig. 8. A large 2G HTS test coil mounted on a conduction 

cooling test rig 
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Fig. 9. Test results of the large test coil at 30 K conduction 
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Conduction plate

HTS coil Hall sensor Current lead

Bobbin block  
Fig. 10. Conduction cooling test rig for the assembled coil 

with the bobbin block 
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Fig. 11. Trend plot of the transporting current and 

magnetic field (at 30 K) 
 
3.3 Prototype coil test 

 
Fig. 10 shows that the eight fabricated coils are equipped 

with a conduction cooling test rig. The eight coils were 
fabricated by applying a process, which was confirmed 
through the fabrication and testing of large test coils; the 
Ic characteristics and coil integrity were confirmed 
individually through LN2 cooling tests. For the setup in the 
conduction cooling test system, an aluminum bobbin block 
was installed, and each coil was installed in the shape of a 
bobbin block embossed to match the internal shape. As 
shown in Fig. 10, a hall sensor was installed in the middle 
of the bobbin block to measure the generated magnetic 
field, and the magnetic field analysis value and the 
measured value were found to have an error of about 
3.2% based on the operation current. In addition, a 120% 
energization and 2-hour maintenance test of the operating 
current was carried out, and the linear relationship with the 
generated magnetic field is shown in Fig. 11. 

Fig. 11 shows the results of the operating current at 
100% of the design value for 30 hours after energization. 
The test results show that the current and flux remain 
stable and that the temperature rises about 2.5 K higher 
than the initial temperature at the thermal sink of the 
current lead though it stabilizes over time. As a result, it 

can be seen that the minute changes in the temperature are 
due to the change of the radiation heat invasion, which is 
caused by the external temperature change around the test 
apparatus. In other words, the temperature of the coil was 
judged to be completely stabilized. 

 
 

4. Conclusions and Discussions 
 
The degradation of the coils was confirmed through the 

small coil test. In order to solve this problem, an epoxy 
with an appropriate thermal expansion rate and a viscosity 
suitable for the process was selected and applied; it was 
mixed with alumina and silica as a filler. The degradation 
of the small and large test coils was clearly improved. The 
results can be summarized as follows: 
1) It was confirmed that the proper mixing of the epoxy 

and mixed filler has similar properties to the thermal 
expansion rate of 2G HTS wire. It is expected that 
degradation will decrease as the difference in thermal 
expansion rates becomes smaller. 

2) As the ratio of the mixed filler increases, the difference 
in the thermal expansion coefficient becomes smaller, 
but since the viscosity becomes high and it becomes 
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Fig. 12. Test results for 30 hours of current transporting 
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unsuitable in view of workability, a proper balance 
between the thermal expansion coefficient and 
workability is needed. 

3) The small and large test coils were fabricated by using 
the mixed material filler in the proper ratio, and 
cooling and energizing tests were performed under 
LN2 and 30 K conditions through which stable results 
have been confirmed. 

4) As in the case of the actual rotating machine, eight coils 
were stacked and subjected to the cooling energization 
test at 30 K. As a result, stable flux generation of up to 
120% of the designed operating current was confirmed. 

5) The laminated coil assembly was confirmed to be in a 
stable state by energizing and maintaining 100% current 
for 30 hours, and it was confirmed that the generated 
magnetic field was in good agreement with the results 
of the analysis. 

6) From the above results, the possibility of decreasing the 
degradation of 2G HTS coils by applying an appropriate 
ratio of the mixed filler was demonstrated. 

Future studies will ensure the stability of large 2G HTS 
coils for MW-class rotating machines. 
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