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 Le attività di ricerca oggetto della presente memoria si inseriscono nell’ambito di una 
convenzione di ricerca tra il Dipartimento di Ingegneria Elettrica dell’Università di Bologna e la 
ITER International Organization (ITER I/O), l’organismo internazionale costituito per la 
realizzazione di un reattore sperimentale per la fusione termonucleare controllata a confinamento 
magnetico. In Fig. 1 è mostrata la sezione di un tipico filo di Nb3Sn per il solenoide centrale del 
sistema magnetico di ITER.  
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The OCSI wire length is subdivided into M sectors, each of 

which is represented by the equivalent non-linear circuit 
model shown in Fig. 5 (see [4] for details). The matrix of 
transverse resistances per unit length computed with the 2D 
FEM model is implemented in the transverse resistances of 
this network.  

Each sub-element is represented by means of a non-linear 
resistance of the Nb3Sn filaments in parallel with a linear 
resistance representing the bronze of the internal pool (Tin 
2.5% wt. in our calculations). The 24 copper elements provide 
further alternative paths to the current along the wire. 

As for the 2D model, the electrical resistivities are 
considered temperature dependent with the material properties 
presented in [10]. The transverse resistance measurements 
between two contacts is simulated by injecting the current in 
two electrical elements and by computing the voltage arising 
between other two electrical elements. 

IV. RESULTS AND DISCUSSION 
In Fig. 6 a comparison between the experimental and 

numerical results on the OCSI wire is presented for four 
different contact pairs. 

 
Fig. 6. Comparison between experimental and numerical results obtained for  
the OCSI wire. 
 

In the normal state, the discrepancy between the 
experimental data and calculated values is within 20 %.  

Below Tc the measured data of transverse resistance are 
affected by a larger error, partly related to the fitting of the V-I 
curves which exhibit a non-linear behaviour and partly due to 
uncertainties in the tin distribution in the stabilizing copper.  

As in previous analyses [4], [5], in the superconducting 
state, the current flows from one superconducting sub-element 
to another along the whole sample length. In the normal state 
this redistribution length is very short and almost insensitive to 
the temperature.  

V. COMPARATIVE ANALYSIS OF DIFFERENT SC WIRES 
   The results of the OCSI wire are compared here with 

those obtained with the same experimental methodology on 
two other Nb3Sn wires and one NbTi wire. The cross-sections 
and properties of these 3 wires are reported in Fig.  7 and 

Table I. Further details can be found in [4]-[9]. 
  

 
Fig. 7. Cross section of the a) Nb3Sn OST1 wire b) Nb3Sn LMI-EM wire and 
c) NbTi - JT60SA candidate wire. 

TABLE I 
MAIN PROPERTIES OF THE WIRES OF THE COMPARATIVE ANALYSIS 

 
 

The OST1 wire is characterized by only one Tantalum 
barrier between the filamentary region and the outer copper 
stabilizer. For this sample the purity of the outer copper shell 
is very good, as witnessed by a higher RRR of 100. In the 
LMI-EM wire a double Niobium-Tantalum barrier surrounds 
each sub-element, thus preventing the diffusion of the Internal 
Tin in the interstitial copper during the heat treatment.  

The NbTi wire strand, manufactured by Luvata as a 
candidate strand for JT-60SA, is made of 19 filament bundles 
embedded in a Cu matrix. Each bundle is formed by 54 
filaments (20 micron diameter), and the Cu:non-Cu ratio is 
about 1.86.  

In order to compare the transverse resistances measured on 
these different wires, pairs of filament bundles with very 
similar distance in the wire cross section were considered for 
the four wires. In Fig. 8, a comparison between the measured 
transverse resistances above Tc for the selected pairs is 
presented.  

The largest values of transverse resistances were found for 
the OST1 wire, since only one anti-diffusion barrier separates 
the filamentary region from the copper stabilizer, thus 
determining the formation of bronze in the filamentary zone. 
In the OCSI wire the transverse resistance is lower because 
each sub-element is surrounded by one anti-diffusion barrier.  

The effectiveness of the single Niobium barrier of the OCSI 
wire is however inferior to that of the double Nb-Ta barrier 
that separates the sub-elements from the interstitial copper in 
the LMI-EM wire. The transverse resistance found for the 
LMI-EM wire is in fact practically identical to that of the 
considered NbTi wire. Below Tc (see Fig. 8b) similar trends 
are found. It is worth noting that for the OCSI wire, the results 
shown in the comparison with the other wires refer to the pair 
b-c, owing to two different superconducting crowns. For the 
filament bundle pairs owing to the same multifilament crown, 
the transverse resistance is one order of magnitude lower, and 
is very similar to that of the LMI-EM wire. 

a)# b)# c)#
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Coupled Mechanical-Electrical Modeling
of the TARSIS Experiment

A. Torre, D. Ciazynski, D. Durville, H. Bajas, and A. Nijhuis

Abstract—Nb3Sn is now commonly used in the design of high-
field large-scale magnets. However, it is a brittle material, the
superconducting properties of which degrade under mechanical
strain. Both ITER TF and CS magnets make use of Nb3Sn strands
in cable-in-conduit conductors. Experiments have been carried out
in the TARSIS facility at University of Twente aiming at measuring
the strand critical current as a function of periodically applied
strain/stress. Until recently, these experiments have given good
indications of the strand behavior, but they had not been fully
understood because of the lack of an accurate description of the
local strain along the tested strand. Furthermore, they cannot
be extrapolated directly to a real cable-in-conduit conductor be-
cause they do not simulate the differential thermal contraction,
which puts the strand under longitudinal compression. Using
the mechanical code MULTIFIL developed at Ecole Centrale de
Paris, associated with the electrical code CARMEN developed at
CEA/IRFM, this paper aims at understanding the mechanisms
of the critical current reduction during a TARSIS experiment
by coupling the local strain map of the strand to the complex
current paths between Nb3Sn filaments. Comparison with exper-
imental results and with analytic limiting cases are presented and
discussed.

Index Terms—Mechanical properties, modeling, Nb3Sn
strands, strain dependence.

I. INTRODUCTION

IN superconducting cable in conduit conductors (CICC),
strands are subject to high mechanical loading due to both

thermal contraction of the steel jacket and electromagnetic load.
The strain dependence of Nb3Sn-based strands performances,
along with the complex strain map induced by the CIC cabling
pattern make it very difficult to predict reliably any cable’s
performances. Although the test of the ITER TF in the SUT-
LAN facility has led to the acceptance of all conductors, it has
also shown that not only initial performances could be lower
than expected, but also that cycling would degrade these CCICs
even more, as observed in [1]–[3]. If the Nb3Sn sensitivity to
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Fig. 1. TARSIS periodic bending probe.

strain has been identified as the main driver of this degradation,
there is still no clear explanation of this phenomenon. In order
to understand better the strand behavior, this article proposes
to compare experimental data from an ITER-type strand mea-
surement campaign with the results of a mechanical-electrical
model.

II. THE TARSIS EXPERIMENT

A. Description

TARSIS is one of the only tests that aim at understanding
the strand behavior under mechanical load, in this case a
periodic bending load simulating the electromagnetic loading
in a cable, and that has been performed on a large number of
superconducting strands. In particular, ITER TF and CS strands
were extensively tested. The experiment consists in measuring
the V(I) characteristic of the strand, at 4.2 K and 12 T, while
applying an increasing periodic bending load of period LT. It
is described in detail in [4] (Fig. 1).

This experiment is all the more important that the usual
scaling laws describing the IC(B, T, ε) relation do not take into
account any possible variation of IC with a non-uniform strain
in the cross-section of the strand.

B. Strand Studied and TARSIS Results

The strand chosen for this study is a Bronze Route ITER-
type TF strand of diameter 0.82 mm, with a filamentary radius
rzf = 0.274 mm and a filament twist pitch Lp = 15 mm.

Fig. 2 shows the scaling law of the strand along with exper-
imental measurement. TARSIS results give the IC and n-value
of the strand with respect to the applied load F (N/m) or probe
deflection D (µm), both measured during the experiment.

III. MULTIFIL MECHANICAL MODEL

A. Description of the Model

The MULTIFIL code, developed at Ecole Centrale de Paris
(ECP) is a finite element code that allows solving the me-
chanical equilibrium of one or several strands under loading
conditions. It has been used extensively to describe ITER

1051-8223/$31.00 © 2013 IEEE
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Fig. 2. Scaling law of the ITER-type strand studied at 4.2 K, 12 T. Icirr
symbols show data for which the n-value (between 10 and 100 µV/m) was
decreased (beginning of irreversibility).

Fig. 3. MULTIFIL model of a strand in TARSIS.

conductors [5], and in this case to simulate the strain state of
a single strand in the TARSIS experiment.

The code gives a detailed strain state of the strand for
deflections ranging from 10 µm to 90 µm. Fig. 3 shows that
the strain is calculated at 9 locations and is assumed to vary
linearly in the cross-section.

B. Analysis of the Mechanical Model Results

Interesting features can be extracted from the strain maps
calculated by MULTIFIL. The first one is the linearity of the
maximum strain at the outer surface (εbmax) of the strands with
the deflection. A linear fitting gives the following equation:

εbmax = 2.02 × 10−2 × D − 2.74 × 10−2

Where εbmax is given at the filamentary radius of the strand
in percentage, and D is the deflection in µm.

Knowing the twist pitch Lp of the filaments, it is then
possible to calculate the strain map ε(z) of any filament in
the strand. Since the scaling law of the strand is known, one
can associate a critical current map IC(z) along each filament.
Of course, this map is the result of the composition of the
TARSIS sinusoidal load of period LT and of the filament helical
trajectory with twist pitch Lp.

IV. ELECTRICAL LIMITING CASES

A. Definition

Analytical limiting cases have been proposed to evaluate
simply the impact of bending on the critical current. Usually
referred to as the “Ekin Models”, they were used to describe

Fig. 4. Resonances peaks of the limiting cases critical currents ratio.

the “infinite bending” case ([6] and [7]). In this varying bending
situation, they can still be used to apprehend extreme cases
where the current either flows freely from one filament to its
neighbors (Low Resistivity Limit: LRL) or is compelled to stay
in the filament (High Resistivity Limit: HRL).

B. Strain Map Composition and Limiting Cases

It was shown in [8] that the twist pitch Lp and bending
wavelength LT composition into filaments strain maps can have
a significant effect on the IC value. This can be easily illus-
trated using the strain maps from MULTIFIL and the analytical
limiting cases for all deflections. Indeed, in the LRL case, the
filaments exchange current freely, therefore, the strand critical
current ICLRL is unaffected by this composition.

IC LRL = (L)
1
n




L∫

0

(
1

IC(z)

)n

dz




−1/n
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IC(z) =

2π∫

0

rzf∫

0

IC(r, θ, z)drdθ

But for the HRL case, each filaments individual critical current
participates to the strand total IC, if n is constant, by:
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2π∫

0
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0

(L)
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n
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L∫

0

(
1
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)n
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
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Fig. 4 gives the ratio of the two limiting cases critical
currents. A major resonant peak at Lp = LT is visible for all
deflections, just as in [8], as well as secondary peaks around
10 mm and 15 mm. This figure shows that, using only geomet-
rical information with an adequate strain map, one can easily
deduce the position of resonances between LT and Lp.

V. CARMEN ELECTRICAL MODEL

A. Description

The CARMEN code is based on an electrical network with
nodes connected by resistive or superconducting elements. It
solves iteratively the non-linear problem of the superconducting

 

Figura 1 Sezione normale del filo superconduttore di Nb3Sn ed esperimento TARSIS: foto (a) e schema (b) 

 Una delle difficoltà principali nell’uso del Nb3Sn è la sensibilità della densità di corrente 
critica di tale materiale alla deformazione. La distribuzione della deformazione all’interno di un filo 
in un cavo dipende dalla temperatura (strain termico), dalle sollecitazioni meccaniche nei punti di 
contatto con i fili vicini e con il condotto d’acciaio esterno e dalla forza di Lorentz che agisce 
quando il filo è percorso da corrente. Il calcolo della distribuzione della deformazione viene 
eseguito mediante un modello agli elementi finiti [1] sviluppato presso l’Ecole Centrale Paris, con 
la quale è stata avviata una collaborazione di ricerca. I dati di tale distribuzione sono quindi 
utilizzati in un modello elettromagnetico sviluppato presso l’Università di Bologna per calcolare la 
distribuzione di corrente tra i fili e la caratteristica V-I del cavo [2]. Dato l’elevatissimo numero di 
incognite del problema è molto importante poter disporre di un modello semplificato che possa 
calcolare la caratteristica V-I del filo senza discretizzare il filo stesso nei suoi componenti 
costitutivi. A tale fine il modello elettromagnetico è stato utilizzato per simulare gli esperimenti 
svolti su un singolo filo presso l’Università di Twente (Paesi Bassi) nell’impianto denominato 
TARSIS, mostrato in Fig. 1, in cui i fili vengono sottoposti a sollecitazione periodica di momento 
flettente simile a quella delle condizioni di lavoro all’interno dei cavi. Il modello considera 19 

b) 



elementi superconduttivi, corrispondenti alle regioni filamentari e 12 elementi di rame 
corrispondenti ai 12 settori in cui è suddivisa la corona esterna. Le conduttanze trasversali per unità 
di lunghezza sono state calcolate mediante un modello agli elementi finiti bidimensionale 
commerciale e verificate sperimentalmente.   

 Il modello a 31 elementi (curva in nero di Fig. 2), presenta un buon accordo con i risultati 
sperimentali. Per approssimare i risultati del modello dettagliato, sono stati sviluppati due modelli 
semplificati del filo, che lo descrivono con un solo elemento elettrico. Nel primo modello (1CE-0) 
si suppone che il campo elettrico sia lo stesso in ogni punto di una sezione normale del filo. Tale 
modello non consente di riprodurre in maniera soddisfacente i risultati del modello dettagliato. Con 
tale modello viene infatti trascurata la conduttanza trasversale finita che impedisce il parallelo 
locale tra le regioni filamentari del filo sottoposte a diversa deformazione. Nel secondo modello 
(1CE-2) si è invece calcolata la distribuzione di corrente tra le diverse regioni filamentari 
supponendo che la tensione ai capi di una certa lunghezza Leff  sia la stessa (con Leff parametro di 
fitting del modello). Come si può notare in Fig. 2, tale secondo modello consente di ottenere, con 
Leff  superiori a 5 mm, un ottimo accordo con i risultati del modello dettagliato per il calcolo della 
corrente critica. L’attività di ricerca è tuttora in corso per migliorare l’accordo tra il modello 
semplificato e quello dettagliato per quanto concerne il cosiddetto ‘n-value’, ovvero l’esponente 
della legge di potenza con cui viene descritta la caratteristica V-I del filo superconduttore.  
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Figura 2. Andamento di corrente critica (a) e n-value (b) del filo superconduttore al variare dello spostamento verticale 
del dente di TARSIS, calcolati con i modelli a 31 elementi elettrici e ad 1 solo elemento elettrico. 
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