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A Study on the Forming of CICC for the
Superconducting Tokamac Device With Post-Forming

Predictions via Virtual Manufacturing
Yeong Sung Suh, Cheon Seog Yoon, Sun Woong Choi, Hyunki Park, and Keeman Kim

Abstract—To construct the magnet assembled with the CICC
(Cable-In-Conduit Conductor) for the superconducting Tokamak
fusion device, the 3-roll bending, that inherently has a difficulty
to form the coil with accurate radius of curvature, is used
for continuous winding. This difficulty is mainly caused by the
spring back after forming. In order to obtain precise dimension,
a trial-and-error operation is inevitable. To reduce the effort of
tryout, a relation between travel of the bending roller and post-
forming displacement was obtained via virtual manufacturing. The
radius of CICC after forming was expressed as a function of the
bend-roll travel. In addition, the variationof the CICC cross-section
(reduction of the conduit cross-section) was investigated during
the first turn and during conduit bending with largest curvature
to check if the strand can have enough space. To ensure the
validity of the computation, prototype coils were manufactured
and the coil radii after forming were measured. The data showed
similar pattern with some discrepancy for large-sized coils. The
residual stress generated by jacketing on the coil before roll
bending was measured to investigate if its existence influences the
final deformation behavior. A mapping function was proposed
to compensate the error caused by the numerical assumptions.

Index Terms—3-roll bending, CICC, magnet, spring back, vir-
tual manufacturing.

I. INTRODUCTION

T HE CICC is a central solenoid model coil used in the
superconducting Tokamak fusion device. The KSTAR

magnet system has CS, PF, and TF coil configurations as
presented in Fig. 1. To construct the magnet, 3-roll bending
machine displayed in Fig. 2 is used in order to wind the coil
continuously. The 3-roll bending is very simple to manipulate to
form a straight pipe into a hoop. However, because of the spring
back after forming, it inherently has a difficulty to form the coil
with accurate radius of curvature. In order to obtain precise
dimension, a trial-and-error operation is inevitable. With the
rapid progress of computer and software technology, virtual
manufacturing can drastically reduce this difficulty. The virtual
manufacturing involves the use of a computer to simulate not
only a product but also its manufacturing processes. Usually,
virtual manufacturing utilizes nonlinear finite-element analysis
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Fig. 1. Several coil configurations and winding schemes used in the KSTAR
superconducting magnet: (a) CS coil (b) PF coil (c) TF coil.

Fig. 2. KSTAR magnet winding machine using 3-roll bending process (Energy
Lab, SAIT, Taejon).

to provide optimization of factors such as manufacturability,
final shape, residual stress, and life-cycle estimations, etc.

In this work, the CICC was virtually manufactured by simu-
lating the 3-roll bending process with ABAQUS so that the final
geometry of CICC can be accurately obtained with a minimum
effort. Fig. 3 is a schematic of the 3-roll bending process. As the
drive rollers push the CICC, it proceeds in the forming direction.
With the bend roller the CICC is formed into a circle with a con-
stant radius of curvature. There are various sizes of CICC in the
Tokamac device, the radius of which ranges from 431 mm (CS)
to 3850 mm (PF). The downward travel of bending roller versus
final radius of CICC after spring back was monitored. The ra-
dius of CICC after forming was expressed as a function of the
bend-roll travel. Two different materials, Incoloy 908 and SUS
304 were employed in the calculation.

In addition, the variation of the CICC cross-sectional area was
investigated during the first turn and during the conduit bending
with the largest curvature to check if the superconducting strand
can secure enough space. If the reduction is too high, the strand
that will be packed inside the conduit may be damaged. It is
regulated that the area of reduction should not be greater than
1.5% based on the results of stability and mechanical analysis
[1], [2].
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Fig. 3. Schematics of 3-roll bending process to form CICC.

TABLE I
MECHANICAL PROPERTIES OFSUS 304 (MEASURED) AND INCOLOY 908 [3]

Also, in order to predict the likelihood of SAGBO (Stress Ac-
celerated Grain Boundary Oxidation) on the conduit, the max-
imum von Mises stress was monitored. The SAGBO occurs
when the operating temperature ranges from 550C to 800 C,
tensile strength is greater than 200 MPa, and the oxygen pres-
sure is greater than 10 torr (at 1 atm, 0.14 ppm) simultane-
ously [1].

To examine the accuracy of the computation, prototype
coils without strands were manufactured and the coil radii
after forming were measured. The residual stress in the coil,
which had been generated during jacketing and straightening
processes before roll bending, was measured to investigate if
its magnitude is large enough to influence the final deformation
behavior.

II. A PPROACH

A. Virtual Manufacturing

CS coils were modeled. As a virtual manufacturing engine,
ABAQUS, a commercial nonlinear FEM package was used on
Compaq-Digital workstation 433AU and SGI Origin 2000. To
reduce cpu time, only the longitudinal half of the entire configu-
ration was modeled. The shell element was preferred to the brick
element since the former is less stiff, accommodating shear de-
formation through thickness due to bending. Therefore, S4R el-
ement was used to model the CICC in 3 dimensions. Five inte-
gration points were assigned in the thickness direction to take
account of an appropriate shear deformation during bending.
For rollers, rigid definition was used usingRIGID SURFACE
option which defines rigid surface analytically. The friction was
assumed only between driving rollers and the CICC.

After spring back, the coordinate of three-points of the CICC
was monitored. These numbers were put into the Intelli-CAD

Fig. 4. Stepwise-deformed shape of CICC with downward bending roller
travel of 200 mm (Material: Incoloy 908).

Fig. 5. Predicted radius of formed CICC after spring back versus displacement
of the bending roller for both Incoloy 908 and SUS304. Monitoring points were
taken near the master rollers.

(a commercial 2D CAD program) and the radius of the virtu-
ally manufactured CICC was automatically calculated. The re-
lation between the travels of the bending roller versus radius of
CICC was obtained by fitting the calculated data. The cross-sec-
tional area and the von Mises stress at the deformed CICC with
minimum radius of curvature were monitored. The mechanical
properties of two materials used are included in Table I.

B. Manufacturing of Prototype CICC

In order to check the accuracy of the computation, several
prototype CICC was manufactured. The CNC roll-bending ma-
chine installed in SAIT, as shown in Fig. 2, was used. Only
the stainless steel CICC without superconducting strands was
formed. The post-forming radius was measured with specially
designed apparatus.

C. Measurement of Residual Stresses

The hole-drilling strain gage method of stress relaxation was
used for the measurement of residual stresses [4], [5]. The strain
gage used was Tokyo Sokki Kenkyujo FRS-3-11. The empty
CICC was cut by an appropriate size such that the length was
determined as more than ten times of hole-diameter to minimize
edge and end effects. The strain gage was attached on four dif-
ferent locations: welding, wall, opposite-to-welding, and fillet
surfaces.
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Fig. 6. Predicted radius of formed CICC after spring back versus distance of
the bending roller for both Incoloy 908 and SUS304. Monitoring points were
taken near the bending rollers.

Fig. 7. Measured and predicted data. Material used was SUS 304.

III. RESULTS AND DISCUSSIONS

A. Vertical Displacement of the Bending Roller versus Final
Radius of CICC After Spring Back

Stepwise-deformed shape of CICC with downward bending
roller travel of 200 mm is presented in Fig. 4. The driving rollers
were set to rotate with 4.02 rad in order for the CICC precedes
450 mm. Fig. 5 shows the predicted radius of formed CICC after
spring back versus distance of the bending roller for both In-
coloy 908 and SUS304. The coil with Incoloy 908 shows more
spring back and it is more magnificent as the radius of the coil
increases. In the numerical experiment of similar case [6], it
was reported that the coil radius due to spring back would be
increased when yield stress, coil radius, and tube thickness are
increased, and when elastic modulus and cross-sectional tube
diameter are decreased. This is consistent with the current re-
sults as the yield stress of Incoloy 908 is greater than that of
the SUS 304. Fig. 5 was obtained by taking three points near
master rollers. Since the distribution of residual stress on the coil
was observed to be somewhat nonuniform (This indicates that
the forming is not steady state yet and needs longer feeding),
the monitoring points were moved toward the bending rollers.
This showed a little change of the curve patterns as presented in
Fig. 6.

During the simulation, it was found that it would be very dif-
ficult to form small sized coils such as CS (431 mm) with the
present layout configuration. Therefore, the bending roller was
suggested to move toward the master rollers. By doing so, the
smaller radius of curvature can be obtained with ease. The max-
imum von Mises on the unloaded and curved CICC was approxi-

TABLE II
MEASUREDPRINCIPAL STRESSES ANDTHEIR DIRECTION

Fig. 8. Schematic of strain gage arrangements and locations.

mately 500 600 MPa and the maximum tensile stress 500 MPa,
which surpasses the SAGBO criteria. Since the operating tem-
perature is in the ranges vulnerable to SAGBO, it was concluded
that controlling the oxygen pressure is the only way to avoid it.

B. Thickness Variation of the CICC

Thickness variation was negligible during forming. For
example, when the travel distance of the bending roller was
250 mm (Material: Incoloy 908), the thickness varied from
2.40 mm to 2.59 mm (original thickness was 2.5 mm).

C. Cross-Sectional Area of CICC With Minimum Radius

The CICC with the minimum radius was observed to be the
location where the pipe is bent with nearly right angle, see
Fig. 1(a). The minimum radius was assumed to be 250 mm.
To check the area reduced from the worst condition, the radius
of master roller was increased to 200 mm to accommodate
250 mm-radius of CICC after spring back. The monitored nodes
were selected near the lower master roller. The travel of the
bending roller was 250 mm. With Incoloy 908, the radii before
and after the spring back were 198 mm and 234 mm. Therefore,
the section on the arc radius 198 mm (i.e., before spring
back) was examined in order to calculate the sectional area.
The area was defined as the one surrounded by the perimeter
of centerline through the thickness direction. The area was
reduced to 375.6 mmthat is 0.63% reduction with respect to
the original area, 378 mm. Therefore, it was predicted that
the area reduction during forming might be neglected. Similar
results were obtained with SUS 304.

D. Prototype Manufacturing and Comparison of Spring Back
Data

Fig. 7 shows the data from both virtual and real manufac-
turing. Only the case with SUS 304 was compared. Both data
showed close proximity except for the larger radii.

It was conjectured that this error would have caused by the
embedded residual stresses generated during jacketing and
straightening processes. In other words, if the magnitude of
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the embedded residual stress is not negligible, the subsequent
plastic deformation cannot erase it completely. For smaller
size coils, the plastic deformation is relatively greater than the
larger ones. Therefore, embedded residual stress may not have
greater influence on the subsequent deformation in this case.

In order to check if the magnitude of the residual stress is
influential, the residual stress was measured. Table II includes
measured principal stresses and their directions. The schematic
of strain gage arrangements and locations are presented in
Fig. 8. The results show that the magnitude of residual stress
is greater than the minimum bound of SAGBO criteria in
most measured locations. Overall, the results indicate that the
residual stresses generated during the fabrication of the CICC
cannot be overlooked.

Since the residual stress cannot be taken account correctly
into the virtual manufacturing, this has to be compensated in
some way. Roughly, this can be corrected mathematically based
on the pattern shown in Fig. 7. That is, the expression for the
measured data is:

(1)

where is the displacement of the bending roller. And the one
from the computation is

(2)

In order to map to , a mapping function can be
assumed as following form:

(3)

Solving this, following expression for was obtained:

(4)

Using this mapping function, the virtual manufacturing data
can match with the real data. This function compensates over-
looked assumptions that can hardly be conjectured without the
experiment.

IV. CONCLUSIONS

A relation between travel of the bending roller and spring
back radius was obtained via virtual manufacturing with 3-roll
bending process. For use as an initial input for the real manu-
facturing, the radius of CICC after forming was expressed as a
function of the bend-roll travel. The calculation was performed
for Incoloy and SUS304. The maximum von Mises stress
after spring back was also monitored to predict the likelihood
of SAGBO. Finally, the variation of the CICC cross-section
(reduction of the conduit cross-section) was investigated for
the worst cases. With the largest curvature, the cross-sec-
tional area was not much reduced. The spring back data were
compared with the ones from prototype manufacturing. The
results showed good proximity except with the larger radii.
The measurement of residual stress on CICC before roll
bending revealed that its influence on the computation was not
negligible. Therefore, experimental calibration by introducing
the mapping function was proposed. Using it, the virtual
manufacturing data can be more effectively used for accurate
manufacturing by compensating overlooked assumptions made
in the numerical computation.
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