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Impact of Void Fraction on Mechanical Properties
and Evolution of Coupling Loss in ITER Nb3Sn

Conductors Under Cyclic Loading
A. Nijhuis, Yu. Ilyin, W. Abbas, H. H. J. ten Kate, M. V. Ricci, and A. della Corte

Abstract—The combination of current up to 50 kA and magnetic
field of 13 T in the Cable-In-Conduit Conductors (CICC) for the
coils in the International Thermonuclear Experimental Reactor
(ITER), cause huge local transverse forces. This results in changes
in the transport properties, friction and anomalous contact resis-
tance versus force behavior. The latest design optimizations tend
to go toward a lower void fraction (VF). This has an impact on the
evolution of the coupling loss and on the possible degree of strand
bending and deformation.

Toroidal Field Model Coil (TFMC) type of conductors with VFs
of 26%, 30% and 36% respectively, are tested in the Twente Cable
Press, by which a variable (cyclic) transverse force of 650 kN/m is
transferred directly to a cable section of 400 mm length at 4.2 K.
The AC loss of the conductor, the inter-strand and strand-bundle
resistance ( c) in the cable and the associated bundle deforma-
tion are examined during mechanical cycling. The test results are
discussed in view of the previous results on Nb3Sn ITER CICCs.

Index Terms—CICC, coupling loss, force, interstrand resistance,
Nb3Sn, superconductor, void fraction.

I. INTRODUCTION

THE CICCs for ITER consist out of more than thou-
sand strands, 0.8 mm in diameter. The strands are cabled

with transposition in several stages and in some conductor types,
copper strands are included. The round cable with an internal
cooling channel is enclosed in a conduit made of SS or Incoloy
[1]. The nominal VF in the cable area filled with strands of the
CICCs tested up to now, is 36%. At this VF, individual strands
have room to move, leading to elasto-plastic deformation when
a transverse load is supplied to the cable by charging the magnet
[2], [3]. This transverse force, causing deformation of the strand
bundle, results into local pinching and bending, on its turn af-
fecting the strain state of the filaments and causing a pos-
sible decrease of the conductor performance in terms of critical
current or current sharing temperature . A lower VF
constrains the degree of mechanical deformation of strands in
the cable bundle. We believe this may be helpful against strand
bending but may be less effective when strand pinching is the
dominant process. Another critical feature is the decrease of the
coupling loss with cycling in CICCs. A phenomenon
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observed in short samples with electromagnetic load [4], estab-
lished in coils [5], [6] and studied in detail with a mechanical
press [7]–[10] has become an acknowledged fact the past years.
In the meantime, it is demonstrated that the span of this effect
is strongly connected with the combination of VF and applied
transverse force [9]. It is also observed that after the well known
initial decrease of the interstrand coupling loss during the first
hundred cycles, the long-term cycling behavior appears to differ
for NbTi and CICCs. The coupling loss for NbTi CICCs
increases again and may, depending on the type of coating, ex-
ceed the level of the virgin conductor appreciably [9] while in

CICCs the coupling loss remains practically constant on
the same relatively low level, reached after about one hundred
cycles.

The impact of a lower VF on the decrease of the coupling
loss and possible deformation of the cable bundle with trans-
verse cyclic loading is investigated on two full-size TFMC con-
ductor samples, with VFs of 26.4% and 29.7%. The results are
compared with those obtained on ITER conductors from
previous tests.

II. EXPERIMENTAL SETUP

A. Conductor Samples

The basic design layout of the TFMC conductor is described
elsewhere [1], [8]. A TFMC conductor with original VF of
36.6% was tested at an earlier time [8]. Two sections of the same
TFMC cable, inserted in square steel conduits, were compacted
to lower VFs at Ansaldo (I). The VF of both heavily compacted
specimens was calculated, based on the average inner diameter
of conduit sections, 35.03 mm and 35.70 mm, leading to VFs
of 26.4% and 29.7% respectively. The deformation of the inner
originally round hole of the conduit gave variations in diameter
up to 3.5%.

Both compacted conductor samples were prepared for testing,
according to the method described in [2], indicated as limited
VF (LVF) method. In this way, a more representative test of the
conductor is achieved, as the jacket relaxation is strictly limited
in expansive direction with five bolts on each side of the con-
ductor, just adjacent to the cable (see Fig. 8). The bolts do not
hinder compression of the cable bundle by the press. The pre-
viously tested TFMC conductor sample with the original VF
of 36.6% (TFMC-0) was prepared without the LVF-method,
leaving the jacket halves unengaged, thus leading to spring back
and a somewhat higher initial VF compared to the virgin value.
An overview of all the CICCs evaluated in this paper is
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TABLE I
SAMPLES LISTING WITH VOID FRACTION AND REFERENCE FOR DETAILS

given in Table I. All press samples have a length of 400 mm. The
new, compacted samples, were heat treated according to a short-
ened schedule: 50 h @ 200 , 24 h @ 340 , 200 h @ 650 .
The samples were measured in initial state (which represents
the virgin state due to the LVF-method) and various times again
after several selected series of loading cycles up to 40 000 cy-
cles, in the Twente Cryogenic Cable Press.

B. Cryogenic Press

The fully automatic press for mechanical transverse loading
of full-size ITER CICCs is described in detail in [10]. The
TFMC samples are cyclic loaded between zero and a peak
load of 650 kN/m, representing the maximum accumulated
electromagnetic load [2]. The total number of cycles exceeds
several ten thousands in order to study the potential long term
wearing effects, relevant to ITER operation conditions.

III. RESULTS AND COMPARISONS

A. Coupling Loss

Fig. 1 shows the total AC loss per cycle, per unit volume
of strand, for TFMC conductor A with a VF of 26.4%. We
observe the characteristic early reduction of the coupling loss
(under full load) with cycling from initial state to 100 cycles.
A further decrease follows accordingly toward 40 000 cycles.
The coupling loss time constant for multistage CICCs is
defined by the initial slope of the loss versus frequency curve.
This represents the loss at lowest frequencies .
At moderate frequencies, it gives an overestimation (roughly
by a factor of two) while for higher frequencies
it may even underestimate the loss compared to the classical
single time constant model (STC, see Fig. 1). Fig. 2 shows that
the (determined from the initial slope of the loss versus
frequency curve) for TFMC-A and TFMC-B is significantly
higher than for the TFMC-0 with 38.7% VF. The TFMC-0
compares to the range of the other CICCs with VFs in the
same range, taking into account the presence of copper strands.
From this plot we can already observe that the decrease of
with cycling is clearly slowed down in case of a lower VF.

This is also illustrated in Fig. 3, in which the , divided
by the number of superconducting strands, is plot against the
VF. It has been shown formerly, as a rule of thumb, that the
scales rather well with the number of s.c. strands in CICCs when
the sequential cabling twist pitches are not deviating too much
from the average ITER conductor concept [8]. In both figures we
notice that the final of the low VF TFMC samples, remains
above even the virgin of CICCs with around 36% VF.

Fig. 1. AC loss versus the frequency in the virgin state, after 100 and 40 000
cycles, measured with a load of 650 kN/m. The dashed line represents the
calculated loss from a single time constant model (STC), based on the initial
slope of the initial state.

Fig. 2. Evolution of the coupling loss time constant (from initial slope) of the
TF and CS model coil conductors from initial state to 40 000 cycles and under
full load of 650 kN/m.

Fig. 3. The coupling loss time constant divided by the number of
superconducting strands (initial slope) in virgin, initial state and after
40 000 cycles under full load for the TF and CS model coil conductors versus
the VF (lines are guide to the eye).

For the CS1 conductor with LVF method and 35.9% void
fraction the after 10 cycles is practically similar to the
after 40 000 cycles. For the TFMC-A and TFMC-B samples,
the evolves much more gradual with cycling and is still not
saturated after 40 000 cycles.
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Fig. 4. The inter strand and bundle R of the TFMC samples A and B
versus the number of cycles, F = 650 kN=m (IS = inter � strand, IB =

inter � bundle).

Fig. 5. The inter-sub-petal bundleR of the TF and CS1 model coil conductors
versus the number of cycles, F = 650 kN=m.

B. Contact Resistance

The evolution of the intra-triplet (1st cabling stage of three
strands) and inter bundle (bundle is number of strands belonging
to a cabling stage taken in parallel) with cyclic loading, is
compared in Fig. 4 for samples TFMC-A and TFMC-B. The
intra-petal (petal=last minus one cabling stage) is on a very
low level due to the high compaction, while the inter-petal
is on the usual level as observed during earlier tests of other

CICCs in the press. In general it looks that the inter-petal
hardly depends on the VF. The interstrand is practically

similar for samples TFMC-A and TFMC-B but the sub-petal
strand bundle differ clearly.

This can be seen more plainly in Fig. 5 illustrating the strong
relation between level and evolution of and compaction for
samples TFMC-A, TFMC-B and CS1-LVF.

The raises fast to a high level for large VF while it remains
rather low, increasing just slowly, at low VF. Fig. 6 illustrates the
impact of the VF on the intra-triplet in initial state, after 40
cycles and 40 000 cycles versus the VF. Low VF corresponds
to low but essential is that it remains just rather low with
cycling.

C. Transverse Compression, Stress-Strain Behavior

The transverse loading leads to elastic and plastic deforma-
tion of the cable bundle inside the conduit. Fig. 7 shows
curves after various numbers of cycling for cable TFMC-A. Al-
ready after the first cycle the deflection of the cable bundle is

Fig. 6. The intra-tripletR of the TF and CS model coil conductors versus the
initial VF, F = 650 kN=m.

Fig. 7. Compression (displacement) versus applied force from cycle #1 to
cycle #40 000 of the TFMC-A conductor.

Fig. 8. Cross section of the TFMC-A conductor after 40 000 cycles. The gap
at the top shows the degree of plastic deformation.

almost 400 on a diameter of 36 mm. The total compres-
sion of the bundle goes up to 650 with a plastic component
of less than 300 (the plastic component seems always little
less than about 50% [2]). This is in good agreement with the di-
mensions of the cross section measured after the experiment as
depicted in Fig. 8. The oval shape of the cable bundle is visible
compared with the circular contour of the conduit inner wall.

The overall cable compression is transmitted into local strand
deformations like strand-to-strand point and line contacts and
periodic bending, leading to a reduction of the and -value
[2], [3]. The dependency between overall compression and VF
is shown in Fig. 9. In order to scale the experimental values to an
estimated ‘bending and pinching’ amplitude of the strands, we
assume that the press simulates the so-called ‘accumulated load’
condition. The total compression divided by the square root of
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Fig. 9. Overall compression (displacement) for cycle #1 and cycle #40 000 and
the average final deformation per strand after 40 000 cycles, versus the initial VF
of the model coil conductors.

Fig. 10. Mechanical loss per cycle for cycle #1, after 100 cycles and cycle
#40 000 versus the VF of the model coil conductors in initial state.

Fig. 11. Young’s modulus (E ), left axis, for 220 kN/m, 450 kN/m and
650 kN/m versus the VF in initial state of the model coil conductors. The
dynamic E-modulus, �� =�" for 220 kN/m and 450 kN/m right axis.

the number of strands leads to an approximate deformation am-
plitude per strand of about 33 for the CS1 type of conductor
[2] while it is limited to 24 for TFMC-B and 20 for
TFMC-A. The interpolated value for 33% VF is 29 , which
means that the benefit in limitation of strand deformation is
rather poor compared to 36% VF.

The mechanical loss per cycle is 110 J/m for sample
TFMC-A, during the initial cycle, but then immediately stabi-
lizes to about 15 J/m for continued cycling. The mechanical loss
per cycle is compared with other CICCs as a function
of the VF in Fig. 10.

The overall elastic modulus versus the applied force is
plotted in Fig. 11, together with the dynamic modulus .

The at a VF from 30 to 36% has a level of 40 GPa at a
load of 450 kN/m. The impact of lower LF on strand deforma-
tion will be investigated later.

IV. CONCLUSION

The decrease of the coupling loss with cyclic loading is hin-
dered at lower void fraction (VF) in CICCs. For a TFMC
conductor with 26% VF, a virgin (initial slope) of 470 ms is
observed finally decreasing to 170 ms but only after 40 000 cy-
cles. At 30% VF the virgin is 360 ms with 115 ms left after
cycling. By interpolation we find an of 220 ms, which de-
creases within 100 cycles to 70 ms for a void fraction of 33%.
Concerning the coupling loss it is permitted to apply 33% VF
for ITER conductors.

The transverse sub-petal bundle mainly determines the
evolution in coupling loss rather than the intra-triplet .

The average deformation per strand, in terms of transverse
compression at a peak load of 650 kN/m, amounts to 33
for 36% (CS1), 24 for 30% and 20 for 26% VF. The
interpolated value for 33% VF is 29 , which means that the
benefit in limiting the strand deformation is poor compared to
36% VF.
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