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Analysis of Bending Effects on Performance
Degradation of ITER-Relevant Nb3Sn Strand
Using the THELMA Code

R. Zanino, D. P. Boso, M. Lefik, P. L. Ribani, L. Savoldi Richard, and B. A. Schrefler

Abstract—The modeling of the effects of bending on single
Nb3Sn strand DC performance (I, n index) is presented for a
bronze-route strand subjected to the same loading conditions as
in an experiment performed at JAEA Naka, Japan [Y. Nunoya,
et al.,, IEEE TAS 14 (2004) 1468-1472]. The strand is discretized
in strand elements (SE) representing groups of twisted filaments
in the bronze matrix, and in portions of the outer Cu annulus,
electro-magnetically coupled in the THELMA code. The 3-D
strain map in the filament region is computed with a newly
developed, detailed thermo-mechanical model accounting for
non-linear, temperature dependent material characteristics. With
respect to our previous analysis [P.L.Ribani, et al., IEEE TAS 16
(2006) 860-863] several new updated ingredients, besides the new
thermo-mechanical model, are used here, including more accurate
thermal and mechanical properties for the materials, a jacket-like
model for the outer Cu layer, Ic and n index (interpolative)
scaling from Durham University. The simulation results show an
improved agreement with the experiments, in the degradation of
the single-strand performance due to bending.

Index Terms—Fusion reactors, ITER, modeling, supercon-
ducting filaments and wires.

1. INTRODUCTION

HE International Thermonuclear Experimental Reactor
(ITER) is going to be built in Cadarache, France during
the next 10 years and operated for another 20 years. It adopts
a tokamak configuration with superconducting coils confining
the plasma. The vast majority of the superconductors to be used
in the coil system will be low critical temperature superconduc-
tors and for a big subset of the coils Nb3Sn will be adopted.
Nb3Sn presents, with respect to, e.g., NbTi, an issue related
to the strain dependence of its critical performances. During the
test of both ITER Central Solenoid and Toroidal Field Model
Coils (CSMC and TFMC, respectively), an excellent result of
the experiments was demonstrated, sometimes outperforming
their original scope [1], [2], but an increasing degradation of the
coil performance with respect to single strand was also noted
at increasing electro-mechanical load [3]-[5]. This degradation
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was hypothesized to be related to bending effects occurring in-
side the conductor [6], not included in the ITER design cri-
teria at that time. Eventually, similar empirical correlations be-
tween degradation and load were also demonstrated on previ-
ously tested short samples [7]-[9], indicating a somewhat ubig-
uitous nature. As a consequence of all these observations and
analyses, additional tests were performed both on single strands
[10], [11] and on sub-size cables [12], aiming at elucidating the
basic degradation effects for a single strand, as well as the pos-
sible effects of different cabling features (void fraction, twist
pitches, etc) on the conductor performance. Also, new full-size
ITER samples have been recently tested in the SULTAN facility
[13], showing improved performance based on different cabling.

Analysis of the single strand bending tests was started some
years ago, using different models: 1) a self-consistent thermo-
mechanical model [14]-[17] following cool-down and load ap-
plication on the strand combined with the distributed parameter
electromagnetic model of a cable-in-conduit conductor [18] im-
plemented in the THELMA code and applied in this case to the
filament region in [19], 2) an ad hoc assumption on the thermal
strain, combined with a beam model and a lumped parameter
electromagnetic model for the strand, with ad hoc inter-filament
conductance, in [20], [21].

Here we reconsider our previous work [19] on the experi-
ments by Y. Nunoya at JAEA Naka, Japan, see Fig. 1, taking
into account several new, improved ingredients now included in
our model as follows:

* The new thermo-mechanical model

Section II-A is developed and validated;

* New input data for the mechanical properties are used, de-
rived from [21] and [22];

» The newly developed electromagnetic model of the jacket
[23], summarized in Section III-A, is adopted for the outer
Cu annulus;

* More accurate strand critical current (I¢) and critical ex-
ponent n interpolative scaling derived from Durham data
[24], [25] are used, instead of the customary ITER-Sum-
mers scaling.

The general approach remains however as in [19]: the strain
maps computed by the thermo-mechanical model are fed into
the THELMA code to compute the critical current density, sim-
ulating I¢ tests as performed in the experiment.

described in

II. THERMO-MECHANICAL MODEL AND INPUT

A. New Features of the Thermo-Mechanical Model

Starting from a scanning electron microscope image of the
Furukawa strand, see Fig. 1, a detailed Finite Element model
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Fig. 1. Top: bronze-route (Furukawa) strand tested by Y. Nunoya at JAEA
Naka, Japan (central filament region, Ta diffusion barrier, outer Cu annulus)
Bottom: sketch of the experimental set-up. V-I characteristics were measured
for several displacements.

has been developed, to take into account the exact area ratios
(Cu/NonCu = 1.464, Nb3Sn/bronze = 0.557) of the different
materials in the strand cross section. The spatial discretization
covers an entire bending period (5 mm) of the wire, and also the
filament twisting is modeled (17.3 mm twist pitch). The mesh
is composed of 3-D continuum elements, suitable to solve the
problem in the coupled thermal-mechanical field. The number
of nodes is 57022 for a total of 228987 degrees of freedom
(displacement components and temperature). Particular atten-
tion was paid to reproduce the proper boundary conditions at
the wire ends, to simulate the real configuration during the tests.
Compared to our previous paper [19], this model is no more
based on a beam type element, in order to be able to take into
consideration in detail the strain field also in the cross section of
the strand. In this manner the various components of the strain
tensor are evaluated at all the integration points of the 464 ele-
ments present in the cross section, and the evolution of the plas-
ticity is followed in a proper way. The von Mises yield criterion
is adopted for these analyses.

B. New Features of the Thermo-Mechanical Input

New material characteristics have been used, mainly taken
from [22]. The complete non linear behavior is considered, al-
lowing reproducing the stress-strain curve of the materials for a
set of 8 reference temperatures in the range from 1000 K to 4 K.

One of the major uncertainties in the thermo-mechanical
input is the Sn content in the bronze matrix after heat treatment,
which to the best of our knowledge was not measured so far for
this strand. Different numerical tests were made, parametrically
changing the Sn content in bronze from 5% to 1%. Also dif-
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Fig. 2. Comparison between measured stress-strain characteristic under axial
load and computed characteristics for different material properties.

ferent mechanical characteristics for Cu were used, including
those measured at FzK as reported in [21].

C. Comparison With Experimental Data: Cool-Down Strain,
Behavior Under Longitudinal Load

In this first set of analyses we simulate the cool down and
a following applied axial tensile load, also to test the material
thermal-mechanical data used in input.

The computed mechanical strain in Nb3Sn filaments due to
the cool down results (—0.4240.01) %, which may be compared
with the (electromagnetically) measured value of ~ —0.29%
[24]. The relative discrepancy could be related to uncertainties
in the thermal expansion properties.

After the cool-down an axial displacement at one end of the
wire is applied, to reproduce the stress strain curve measured at
4 K at the University of Twente [11]. This is a good experiment
to test the mechanical data used, because only the axial stiffness
is involved and the estimation of the area ratios was done rather
precisely for this model. The comparison between the experi-
mental and the numerical results is shown in Fig. 2. With the
material characteristics taken from [22] the global behavior of
the strand is still too stiff, even decreasing the Sn content to the
minimum possible. However, assuming the Cu characteristics
from [21], a very good agreement with the experimental test
was obtained (blue triangle line).

D. Computed Bending Strain

After the validation of the material mechanical properties the
JAEA experiment was simulated, performing the cool down and
successively applying the bending load. The load is applied as a
self-balanced volume force, varying parabolically on each half
period along the length of the strand. The strain maps in the
Nb3Sn filaments were recorded as a function of the displace-
ment of the strand axis in five representative cross sections, see
inset in Fig. 3. Fig. 3 shows an example of strain map for a given
displacement, while the minimum and maximum strain com-
puted for the different displacements (always on section “0”) is
reported in Table I.

III. ELECTROMAGNETIC MODEL AND INPUT

The strand is modeled adopting different discretizations of
the filament region in strand elements (SE), i.e., bundles of fila-
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Fig. 3. Example of the computed strain maps as a function of the coordinate
on the diameter x, at different cross sections along the strand as indicated, for
the case of displacement 6 = 53.7 pm.

TABLE I
MAX-MIN COMPUTED BENDING STRAINS

Displacement Max strain (%) Min strain (%)

(1m)

0 -0.42 -0.42
269 0.13 -0.90
53.7 0.66 -1.44
71.4 0.99 -1.78
101.6 1.54 -2.34

Fig. 4. Different discretizations of the strand cross section: From left to right
number of filament bundles Nsg = 6, 18, 19. 8 resistive elements are used for
the outer Cu annulus.

ments, and discretizing the outer Cu annulus as well, see Fig. 4.
The present version of the code, developed originally for multi-
stage cable-in-conduit conductors [18], cannot easily analyze
arbitrary discretizations of the strand cross section, so that at
present we are more-or-less restricted to those shown in the
Figure.

A. New Features of the Electromagnetic Model

The major new feature of the electromagnetic model is the
inclusion of the Cu outer annulus, described by means of the
newly developed 3-D “jacket” model in THELMA [23]. The
model calculates the current distribution in the jacket by solving
aresistive distributed network, taking into account the exchange
of current between SEs and jacket and the magnetic coupling
with the cable and the external coil.
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Fig.5. Comparison of measured I (open circles) with the result of Ekin’s for-
mulas [26] for the case of low (solid line) and high (dashed line) inter-filament
resistivity, respectively.

B. New Features of the Electromagnetic Input

The interpolative scaling from Durham University [24] was
used for the Furukawa strand I¢, setting Cy such as to recover
the measured value of 154 A [10]. For the exponent n, the [-de-
pendent scaling in [25] was used, with a cubic best fit of the nor-
malized r factor as a function of the strain derived from the data
presented there.

With reference to Table I, it should be noted that, above
~0.7%, the Durham scaling predicts [ ~ 0, i.e., all strand
regions above this tensile value will not contribute to carry the
current. Also, an irreversible strain level could be introduced
ad hoc at even lower values and a crude approximation of
the effects of fracture easily included in our model—resistive
bridges automatically arising in this case—at least as far as no
feed-back on the thermo-mechanics is foreseen. The treatment
of these effects is however beyond the scope of the present
work, also because no irreversibility data are available for the
Furukawa strand at this time.

The transverse conductance between (adjacent) SEs was con-
sidered parametrically. Results below refer to the maximum
(pure Cu) conductance. Lower conductance would lead to lower
Ic (i.e., further away from measured values, see below).

Another parameter which can potentially affect the computed
results is the conductance assumed between SEs and outer Cu
annulus. However, the value in the following is fixed and was
not, so far, considered in a sensitivity study.

IV. RESULTS AND DISCUSSION

A. Performance Degradation

A first, analytical estimate of the performance degradation
due to bending can be obtained using the formulas of Ekin [26],
in the low or high inter-filament resistivity limits, together with
the computed strain maps of Section II (including the displace-
ment of the neutral axis). It is shown in Fig. 5 that the measured
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Fig. 6. Computed vs measured critical current I (a) and exponent n (b) as a
function of displacement, for different discretizations of the filament region.

values fall between the two boundaries and closer to the low re-
sistivity limit. This is similar to what was found in other strands
[11] as well as in other recent analysis and tests of the same Fu-
rukawa strand [27].

The degradation of the performance of the strand computed
together with the evolution of the current distribution among
the SEs using the THELMA code is summarized in Fig. 6, in
terms of both I and n. The agreement in I between sim-
ulation and experiment improves for increasingly refined dis-
cretizations, with an error of ~30% at intermediate displace-
ments, while the agreement in n is good and much less sensitive
to the discretization. These results constitute an improvement
compared to the simulations presented in [19].

B. Current Non-Uniformity and Re-Distribution

As an example of what is inside the electro-magnetic part of
the model, we report in Fig. 7 the computed evolution of the
current in each SE, normalized to the respective (local) critical
current, for Ngg = 19, in the case of zero and finite bending
load, respectively. The initial phase of the transient is dominated
by inductive effects. In the case without bending, the current
starts flowing in the outermost layer of the filament region, then
diffuses toward the center and the critical condition is reached
uniformly over the strand cross section. In the case of a finite
bending load, the current in the central SE initially flows op-
posite to the transport (total) current. As each SE approaches
its critical current, redistribution occurs and progressively more
SEs are involved as effective current carriers. Note however that
the fraction of the outer SEs in the most severe strain conditions
does not carry yet a significant current, even when critical con-
ditions are reached in the wire (total transport current = I¢).
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Fig. 7. Computed evolution of the current distribution (current I5* normalized
to the respective critical current) inside the strand. Ngg = 19,z = 0.04 m
(mid-point) along the strand, section S0.a) 6 = 0 pm;b) 6 = 53.7 pm. Central
SE (thick solid line), SEs in inner annulus (dashed lines), SEs in outer annulus
(thin solid lines).

The non-uniform distribution will relax eventually to a uniform
one, above I (not shown).

C. Effect of the Outer Cu Annulus

The calculations show that the outer Cu annulus plays an im-
portant role, at large values of the displacement. If the average
voltage along the SEs was considered as in [19], instead than the
average voltage along the strand surface as done here, then al-
ready at displacements >= 50 pm the corresponding I would
drop to almost zero (not shown).

V. CONCLUSION

The hybrid thermo-mechanical-electromagnetic analysis of
the performance of a single strand subject to bending [10],
presented in [19], has been reconsidered here using improved
model and input. The model has basically no ad hoc ingredi-
ents, such that it can be considered of predictive nature, for a
well-characterized strand.

The agreement between simulated and measured degradation
as a function of increasing bending load is reasonable both in
terms of I and in terms of n.

Further improvement in the accuracy of the simulation could
be expected by more realistic application of the bending load via
a suitable contact algorithm, more flexible discretization of the
strand cross section in the electromagnetic (THELMA) model,
as well as from a parametric study of the effects of the conduc-
tivity between the filament region and the outer Cu annulus.
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