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The Central Solenoid (CS) of the KSTAR (Korea Superconducting Tokamak Advanced Research)
consists of arrays of stacked CICC including the turn and ground insulation system. They should
withstand the compressive preloads for subassembly and electromagnetic loads under various operating conditions. The large scale tests of the CS coil are necessary to assess the mechanical and
electrical stability under both conditions. The stacked 4×4 insulated conduit test modules were
fabricated with the same materials and fabrication procedures as were used in the CS coil. Four
strain gages were installed on both sides of the test modules to measure the module strain. Static
tests were conducted under preloading conditions at room temperature and simulated operating
conditions at 77 K, respectively. Fatigue tests were also carried out at 77 K. The electrical properties of the insulation system under high voltage were tested in order to confirm the integrity of
each test module prior to the mechanical tests. Intermittent electrical tests were also performed at
several stages under maximum load during the mechanical tests to ensure electrical performance.
This paper describes the configuration of the stacked test module, fabrication procedures with the
materials of components, and test procedures with apparatus.
PACS numbers: 52.55.F, 82.25.L
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I. INTRODUCTION
The CS of KSTAR consists of four pairs of superconducting coils which are vertically stacked [1]. The circular CS coils are made of cable-in-conduit conductor
(CICC) with an electrical insulation system including
the turn and ground insulation. Each turn of the coil
is insulated with Kapton and S2-glass tape as the turn
insulation [2]. To preclude microcracking within the neat
resin, a fuzzy S2-glass rope is inserted along the intersection of the CICC corners. The ground insulation is
externally wrapped by S2-glass tape. The vacuum pressure impregnation (VPI) process is used to impregnate
the S2-glass tape with epoxy resin in a mold [3, 4]. A
schematic of the CS coil components is shown in Fig. 1,
and the details of the materials used in each component
are described in Table 1.
The CS coils are vertically clamped together at room
temperature with preload structures applying 15 MN of
compressive preload to ensure that the coils remain in
compression during cool-down, and to prevent the slip
of each coil due to maximum repulsive force during operation. The CS coils are also subjected to maximum
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compressive stress of 36 MPa during operation [5]. It is
also required to withstand turn-to-turn voltage up to 2
kV in impulse, and coil-to-ground voltage up to 15 kV
in DC and 10 kV in AC, respectively.
Laboratory tests on the mechanical, electrical, and
thermal properties of the insulation materials were carried out to evaluate their suitability under the required
conditions [4,6]. In order to complement the laboratory
tests and ensure the stability of the CS coil under the
required conditions, the stacked 4 × 4 insulated conduit
test modules were fabricated and tested in this work [7].
A servohydraulic fatigue machine of 100 Ton capacity
was used to apply static and fatigue loads. Strain of
the test module under load was measured, and electrical
tests were conducted. Following the tests, the modules
were cut into cross sections and any microcracking, delamination, or other effects of the tests were observed.

II. FABRICATION OF TEST ARRAY
The stacked 4 × 4 insulated CICC test arrays were
fabricated with the same materials as were used in the
CS coil. The actual CICC was heat treated to allow for
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Table 1. Materials used in CS coil components.
Components

Material

Description

Jacket

Incoloy 908
GY282 (DGEBF epoxy)
HY918 (hardener)
DY073-1 (accelerator)
S2-glass (8-harness satin weave)
Kapton film 200 HPP-SP

2.41 mm thick
100 parts by weight
82 parts by weight
0.25 parts by weight
50 vol% in tape
0.05 mm thick

Resin
Reinforcement
Barrier

Fig. 1. Schematic of CS coil components.

superconducting Nb3 Sn formation, and was then cut to
100 mm long segments which were required for the test
array. Both ends of every CICC segment were welded
with Incoloy 908 strip to avoid filling the inside of the
CICC with epoxy resin during the VPI process. It was
necessary to apply about 10 mm of G10 plugs at the ends
of each segment to reduce the possibility of tracking or
creep during the electrical tests [7]. However, 20 mm
of G-10 plugs were bonded onto the welded strips in order to obtain longer segments for better taping S2-glass.
Each CICC was wound with Kapton and S2-glass, and
the arrays were carefully arranged four across by four
high. The assembly was then tightly wrapped with S2glass tape for the ground insulation. The entire assembly
was impregnated with warmed epoxy resin at 40 ◦ C in
a mold by using the VPI process [8]. After it had been
pre-cured at 80 ◦ C for 12 hours, the temperature was
increased to 120 ◦ C with the ramp rate of 4 ◦ C per hour.
The final cure was done at 120 ◦ C for 24 hours [4]. After
curing, cutting took place to the required length of 125
mm at the ends of G-10 plugs for the test modules. As a
subsequent process, holes were drilled through the G-10
plugs and welded strip into the CICC. The holes were
counterbored and tapped to receive M4 bolts for electrical contact with the metal conduits. The holes were also
used to allow liquid nitrogen into the inside of CICC for
the effective cooling of the array.
Fig. 2 shows the stacked 4 × 4 insulated CICC test
module with the placement of strain gages on both sides
of the array. Strain gages were placed on both sides of
the test modules to measure displacement and ensure
that the load was uniform during mechanical tests. Four
test modules were fabricated and the overall dimensions

Fig. 2. Fabricated test array.
Table 2. Dimensions and test conditions of test array.

1

Dimensions (mm)
Length
Width
Height
125.2
111.4
112.2

2
3
4

124.8
124.9
124.8

Array

111.3
111.3
111.2

112.3
112.0
112.0

Test conditions
Static test at room
temp.
Static test at 77 K
Fatigue test at 77 K
Redundancy

are listed in Table 2. Each test array will be tested under conditions designated in Table 2. The size of CICC
and thickness of each insulation system are the same as
shown in Fig. 1. No considerable cracks or defects were
observed in a visual inspection. The length refers to normal to the direction of applying compressive loads and
parallel to the axial direction of the conductors.

III. TEST PROCEDURES
1. Electrical tests

Each CICC in the array was designated by its layer
number (1 through 4) and location identifies within the
layer (A through D) to identify every CICC. All electrical
leads were attached to the terminal screws in the array
to enable multiple tests without removing them from the
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Fig. 3. Measurements of electrical resistance at 1 kV.

array or the array from the liquid nitrogen dewar during
the mechanical test at 77 K. Each lead was identified
according to the CICC.
Prior to the mechanical test, each array was tested for
electrical resistance at 1 kV as shown in Fig. 3. The
voltage withstand tests were also performed for all turnto-turn and coil-to-ground paths by reference to the recommended test value in air at room temperature. The
recommended test value of a turn-to-turn withstand voltage was 4 kV in AC, and that of a coil-to-ground voltage
was 10 kV in AC and 15 kV in DC. High voltage was applied to selected leads with a ramping rate of 15 kV per
minute. The voltage was held for 10 minutes in DC and
1 minute in AC during each test. During the voltage
withstand tests, the leakage current was also detected
to evaluate the flaws. After the mechanical testing, the
electrical tests were performed again in this manner to
ensure electrical performance without considerable damage.
The electrical resistance was intermittently measured
to detect electrical damage to the insulation system during the mechanical tests.

Fig. 4. Compression fatigue test at 77 K.

loads up to 25 Tons, which is 20 % above the load corresponding to a compressive preload of 15 MN in a fullscale CS coil, were applied periodically with 2 Ton steps
and the electric resistance was measured at each step.
Compression fatigue and static tests at 77 K were carried out to verify the mechanical and electrical integrity
of the CS coil under various operating conditions. Loads
of 60 Tons were chosen to produce 20 % above the compressive stresses of 36 MPa that were the maximum simulated stresses of the CS coil. This load was applied,
and the electrical resistance was measured by the same
method as for the static test at room temperature. The
compression fatigue test was conducted with maximum
cyclic loads of 21 Tons, stress ratio of 0.1, cyclic frequency of 5 Hz, and number of cycles of 2 × 10 5 . Fig. 4
shows the compression fatigue test at 77 K with a cryostat system. The electrical resistance was also measured
periodically at every 10,000 cycles.

2. Mechanical tests

IV. RESULTS
A servohydraulic test machine with a capacity of 100
Tons was used to apply loads for the mechanical tests.
To measure the strain in the tests, four strain gages were
installed on both sides of each array. Three types of mechanical tests were conducted at room temperature and
77 K, respectively. For the tests at 77 K, the liquid
nitrogen vessel, which was made of stainless steel, was
surrounded by a layer of foam for better thermal insulation.
A static test at room temperature was performed to
ensure the stability of CS coils under preloading conditions for sub-assembly of the coils. In this test, static

1. Results of electrical tests

The voltage withstand tests described in Section III.1
were performed on each test array at the required value
before and after the mechanical tests. Each array passed
all the voltage withstand tests between all turn-to-turn
and coil-to-ground paths. There was no considerable
change in the measurements of the electrical resistance
before, after, and during the mechanical tests between
all turn-to-turn and coil-to-ground paths. The mea-
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from all strain gages was used to evaluate the overall
strain behavior of the arrays.
After completion of the mechanical and electrical tests,
a 20 mm section was cut out from the center section of
the tested array. After careful milling and polishing of
this cross section, the insulation system was inspected.
Fig. 6 shows the intersection of the CICC corners in the
array that the static test was conducted at 77 K. No delamination occurred in the insulation system of all tested
arrays, but limited short microcracks were observed at
the edges of the intersection, which are the epoxy rich
regions. These cracks might have arisen from thermal
contraction differences between neat resin and reinforced
insulation.

V. CONCLUSION
Fig. 5. Compression fatigue test at 77 K.

Stacked 4 × 4 insulated CICC test arrays were fabricated with the same materials as were used in the CS
coil and tested to verify the mechanical and electrical stability of the CS coil. To ensure electrical performance,
voltage withstand tests were performed on both the turn
and the ground insulation. Static and fatigue tests were
also carried out under preloading and simulated operating conditions. The results from these tests show that
the CS coil has mechanical and electrical stability during
its operation. It is recommended that the array should
be tested under more severe conditions to evaluate the
electrical and mechanical fracture behavior of the insulation system.
Fig. 6. Intersection of conductor corners after tests.
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2. Results of mechanical tests

No mechanical failure or permanent deformation of the
test arrays occurred under both static and fatigue loading. The stress-strain curves of the arrays represented a
linear behavior during the mechanical tests up to each required load, as shown in Fig. 5. The difference between
the two slopes was caused by changing elastic stiffness
due to test temperature. The elastic stiffness tends to
be higher at low temperature. It was difficult to obtain
reliable output due to the different outputs from each
strain gage mounted on both sides of the test array to
measure strain as shown in Fig. 2. This means that
the compressive load was not uniform, that is, an eccentric load was applied on the array during the mechanical
tests. This eccentric load resulted in different outputs
from each strain gage. Therefore, the average of outputs
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