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During 2007, a large amount of the work was centred on the ITER project and
related tasks. The activities based on low-temperature superconducting (LTS)
materials included the manufacture and qualification of ITER full-size conductors

under relevant operating conditions, the design of conductors and magnets for the JT-60SA tokamak and the
manufacture of the conductors for the European dipole facility. A preliminary study was also performed to develop
a new test facility at ENEA in order to test long-length ITER or DEMO full-size conductors. Several studies on
different superconducting materials were also started to create a more complete database of superconductor
properties, and also for use in magnet design. In this context, an extensive measurement campaign on transport
and magnetic properties was carried out on commercially available NbTi strands. Work was started on
characterising MgB2 wire and bulk samples to optimise their performance. In addition, an intense experimental
study was started to clarify the effect of mechanical loads on the transport properties of multi-filamentary Nb3Sn
strands with twisted or untwisted superconducting filaments.

The experimental activity on high-temperature superconducting (HTS) materials was mainly focussed on the
development and characterisation of YBa2Cu3O7-X (YBCO) based coated conductors. Several characteristics
regarding YBCO deposition, current transport performance and tape manufacture were investigated. In the
framework of chemical approaches for YBCO film growth, a new method, developed in collaboration with the
Technical University of Cluj-Napoca (TUCN), Romania, was studied to obtain YBCO film via chemical solution
deposition, which modifies the well-assessed metallic organic deposition trifluoroacetate (MOD-TFA) approach.
The results are promising in terms of critical current and film thickness values. YBCO properties in films with
artificially added pinning sites were characterised in collaboration with TUCN and Roma Tre University.
Spectroscopic and mechanical characterisation of Pd-based buffer layer structures, which represent a good
template for YBCO coated conductors on Ni-based substrates, providing high Tc and Jc values, was performed
in collaboration with the University of Rome Tor Vergata. Finally, commercially available HTS wires were
characterised in terms of their operational stability by directly measuring the quench propagation velocity and
minimum quench energy, in collaboration with the SuperMat CNR-INFM Regional Laboratory.

4.2 ITER-Related Activities

As a member of the international testing group for the ITER magnets, ENEA participated
in tests and data analysis on ITER full-size toroidal-field conductors (TFPRO1, made from
bronze route Nb3Sn strands produced by European Advanced Superconductors [EAS],
Germany and TFPRO2, made from internal-tin Nb3Sn strands produced by Oxford
Instruments, Superconducting Technologies [OST] England), in the framework of a
European Fusion Development Agreement (EFDA) task (TMC-FSTEST). The samples were

manufactured with different values of sub-cable twist pitches and void fraction under the supervision of
ENEA in 2006. The measurement campaign, carried out at the SULTAN facility of the Centre de
Recherches en Physique des Plasmas (CRPP) Villigen in 2007, focussed on assessing the current sharing
temperature Tcs, critical current Ic, as well as on evaluating the alternating current (ac) losses.

In the main qualification campaign during spring 2007, the sample performance was measured by a pair
of voltage taps placed in the high-field zone. To check the reliability of the performance assessment based
on these standard voltage taps, TFPRO2 (OST 1 and 2) samples were retested in autumn 2007. The basic
instrumentation was extended with two sets of star voltage taps placed both on the jacket and on the
crimping rings, as well as with several additional thermometers applied to different sides of the conductor.

Introduction

Toroidal-field
prototype
qualification



The reason for the voltage tap stars on the jacket
was to have an averaged evaluation of the
conductor voltage, while the stars on the crimping
rings had the advantage that the contact
resistance between cable and jacket was much
lower than in the rest of the conductor because of
the strong compaction obtained below them. As
a further check, a calorimetric approach was
adopted to determine the Tcs by calculating the
heating power (W) in the cooling fluid, due to the
transition of superconductors to normal state at
increasing temperature within the cable. The
values of Tcs obtained with the different
techniques are reported in figure 4.1. 

As can be seen in the figure, EAS1, EAS2 and
OST2 fulfil the ITER requirements (5.7 K≅11 T and
68 kA) and the spread among the different
technique evaluations of Tcs is low. For OST1, the
discrepancies in Tcs values as determined by
means of diverse tools is higher, and not always
above ITER requirements. As a general
observation, the calorimetric approach shows
good agreement with electrical analysis, although calorimetry requires a higher level of approximation for
the determination of Tcs. It should  be noted that OST2 shows outstanding performance, well above the
requirements, and is so far the best performing conductor produced in the framework of fusion activities.

A fundamental step in the design and construction of ITER magnets is to test conductor
samples in relevant operating conditions. Currently, the only facility available for this
purpose is SULTAN at CRPP, which will not be able to withstand the huge duty foreseen
for ITER construction in the very near future. To overcome delays in cable testing, the

European Community decided to build a new facility, the EFDA Dipole (EDIPO), to share the test tasks with
SULTAN.

The new coil is based on a wind and react (W&R) dipole magnet, wound with the latest generation of
Nb3Sn strands, the so-called “advanced strands”. It is the very first magnet based on such strands as well
as the first dipole ever made by using a cable-in-conduit conductor (CICC).

ENEA has been charged with supplying the cable and following the manufacture of the entire CICC for the
dipole (EFDA contract 1316, task TMSC-DIPCON). All the activities are carried out in collaboration with
EFDA and the Italian company of Luvata (formerly Outo Kumpo). 

In the first qualification tests of the dipole samples, the conductor performance was lower than expected,
mainly because of the weak support of the Nb3Sn strands against transverse em loads. After a design
review, it was agreed to manufacture a new set of short CICCs with a different layout and lower void
fraction. Hence, a second task named PITCON was started to provide the required conductor lengths for
testing, get a better understanding of the degradation and improve the cable layout (EFDA Contract
06–1493, task TMSC-PITCON). 

PITCON. Several batches of short length cables with different geometry and composition were prepared
and delivered to the SULTAN, FBI Karlsruhe (Germany) and National High-Field Magnet Laboratory
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(NHFML) Talahassee (USA)
facilities for testing. It was
decided to involve more than one
laboratory in order to get results
as fast as possible and thereby
have the minimum delay in
setting up EDIPO. ENEA’s
participation involved both
manufacturing the cables as well
as preparing the samples
according to the specific
geometry required from each
testing facility. Table 4.I gives the
fabrication parameters of the first
batch of samples delivered to
SULTAN; fig. 4.2 reproduces the
sample geometry for the
conductors tested at NHFML
[4.1,4.2,4.3].

DIPCON. Based on the positive
results obtained during the
PITCON measurement
campaign and the relative gain of
the parameters defined, the final
processing of the dipole dummy
cables was carried out in the
second half of 2007. A full set of
two high-field-region and five
low-field-region conductors, for a
total length of slightly less than
1 km, was manufactured and
delivered for winding tests to
Babcock Noell GmbH
(Germany), responsible for the
coil construction. In addition to
cable manufacturing, ENEA
undertook gas-flow/helium-leak
measurements and developed

special conductor terminations for tight sealing of the cables. After the results of the Babcock Noell winding
tests, the definitive dipole cables will be produced and the activity is expected to end within June 2008.

In the framework of magnet R&D, EFDA involved ENEA in a research programme on the
development and validation of detailed simulation tools. The activities, aimed at increasing the
prediction capability of conductor performance, were split into different tasks and developed
with the support of Padua, Udine and Bologna Universities, Turin Polytechnic, the CREATE

Consortium and the Italian company of L.T. Calcoli  S.r.l.

Considering the particular structural characteristics of
the ITER CICCs, a specific campaign was started to
investigate the influence of the geometric parameters
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[4.1] P. Bauer et al., Proposal for critical current testing of
CICC cables for the EFDA dipole project at the
NHMFL split solenoid facility, EFDA CSU Garching
(March 2007)
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on conductor stiffness at different
cabling sub-stage levels because the
superconducting performance of
Nb3Sn strands is very sensitive to
mechanical strain. By means of
finite–elements analysis, with detailed
3D nonlinear cable representation, it
was proved that variations in
twist–pitch and void fraction provoke
considerable changes in the
longitudinal and bending stiffness of
the cable sub-stage. Further
developments of the simulation
models, together with an experimental
programme to complete the

validation, are in progress and will lead to the simulation of the entire last-but-one cabling stage of the ITER
toroidal-field conductor.

In support of the final design of the new EFDA dipole Nb3Sn coil, ENEA was assigned the task of
developing a model capable of evaluating the strain state of the strands inside the conductor. The
finite–elements code ABAQUS was used to study the conductor cabling, including twisting and
compaction, cool-down from the heat-treatment temperature to the operative cryogenic temperature, and
the mechanical loads due to Lorentz forces in operative conditions. Two different models were considered:
a) beam-like model; b) solid model. Different levels of discretization were adopted to identify also the
correct strain distribution within the strand cross section, based on the bending and axial strain distribution
obtained from analysis at conductor scale. All the simulations were performed on the different layouts
proposed by EFDA for the high-field and low-field conductors. A sensitivity analysis was applied to the
EDIPO low-field conductor, with variable cabling twist pitch (TP) and fixed void fraction (TMSC-CODVAL).
Results indicate that the configurations with a short TP have a total tensile strain (TS) lower than the long
TP configurations, suggesting that the short TP sample has better transport performance.

In order to have the simulations adhere to the physical reality, a nonlinear constitutive relation based on
experimentally measured stress-strain curves was adopted for the strand behaviour. The final results of the
activity concluded the conductor design optimisation (TMSC-DICOMO).

At the same time, numerical techniques were used to tackle the problem of crack propagation in the
EDIPO insulating resin which de-bonds at the conductor interface (TMSC-CODVAL). The dipole insulation
was studied in a 2D model at T=4.2 K and nominal current, and a maximum shear stress of 80 MPa was
obtained, which is within the acceptable limit of 100 MPa. Work is in progress for a full detailed 3D model.
Push out tests will be performed at 4.2 K.

A 3D nonlinear electromagnetic code is being used to investigate the em behaviour of the ITER poloidal
field full-size conductor. Simulation of the poloidal field insert sample (PFIS) experimental characterisation
campaign performed at the SULTAN facility in 2004 includes development of an ad hoc model for the
terminations and bottom joint and a review of the input parameters used in the code. Thermal parameter
sensitivity analysis is in progress and first results are promising. A new code for nonlinear ‘fast’ analyses is
being tested and will be used for a comparison with the results that will be obtained in 2008 from the
poloidal field conductor insert (PFCI) measurement campaign. The activity (TMSC-CODVAL) started in
August 2007 and final results will be discussed within May 2008.

During 2007 the relevance of some conductor tests
carried out in the past at SULTAN were discussed at
length. To clarify earlier measurement procedures and
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[4.2] P. Bauer et al., Report on PITSAM III & IV assembly
at ENEA Frascati, EFDA CSU Garching (April 2007)

[4.3] P. Bauer et al., Report on FL1&2 Test at NHMFL June
2007, EFDA CSU Garching (August 2007)

Table 4.I - Set of parameters of batch #1 samples

Conductor PITSAM1 LF1 HF3

Cable pattern 3×3×4×4 3×3×3×4 3×3×4×4

Sc strand OST 8712-2

Sc strand number 144 48 144

Cu/non Cu (0/9×4×4 (5/4)×3×4 (0/9)×4×4

Twist pitches (mm) 58/95/139/213

Outer dimensions (mm) 21.1×9.5 12.6×12.6 20.3×10.3

Jacket thickness (mm) 1.6 1.75 1.6

Estimated void fraction (%) 30 35 35
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results and particularly to get a better interpretation of the tests, which showed unexpected degradation
of the current-carrying capability of Nb3Sn conductor samples similar to those proposed for the ITER coils,
EFDA and the ITER International organisation asked ENEA to perform a simulation campaign to assist the
on-going R&D on conductors in the prediction and understanding of two main aspects: the structural
modelling of full-size ITER cables (strain effects on strands because of operative loads) and modelling of
the effects of current non-uniformity in SULTAN samples. The activity of this task (TMSC-SULMOD) started
in autumn 2007.

NbTi is the best developed superconducting compound currently available on the market. The
superconducting properties (critical current as a function of field and temperature, upper critical field) are
controlled by several intermediate heat treatments and final drawing strains that create the required density
of the pinning centres (alpha Ti precipitates).

As demonstrated, the normally adopted extrapolation of strand properties from high (e.g., at 5 T, 4.2 K) to
low critical current density range might not be appropriate. This is particularly true for the ITER poloidal field
coils (P1/P6), which should be wound by NbTi CIC conductors and will operate at high magnetic field (say,
6.0 T), considering the temperature reference value (6.5 K) to be the sum of the operating temperature plus
the required temperature margin. Therefore, the strand performance to be adopted for a sound design of
the NbTi coils should be determined and specified in the operating condition range. 

In 2007, a trial to optimise the NbTi strand current-carrying capabilities at high field and
temperatures by changing the process parameters during production (e.g., adjusting the
intermediate annealing steps) was carried out (contract 06-1516, task TW6-TMSC-
NBTI). Three strands were chosen as the starting point for the task: the EM Large
Hadron Collider (LHC), as it is so far the best performing NbTi strand produced in large
quantities; then Luvata-JT60_C1 and Luvata-JT60_C2, because they correspond to the
ITER request for P1/P6 strand, which is being designed to work at about 6 K and 6.5 T
in the toroidal field coils of the Japanese tokamak JT-60SA. The Luvata-JT60_C2 strand
was able to reproduce exactly the performance of the EM-LHC, so it was decided to

optimise its production route. As the ac losses have to be kept at a low level to operate properly in the
ITER PF coils, the ITER candidate strand should have a smaller filament diameter (from 20 to 6 μm) than
the Luvata-JT60_C2 and thus a larger number of filaments.

The results of the characterisation campaign showed that,
despite the optimisation process, the design values defined
by ITER for the NbTi PF 1/6 performance are rather
optimistic, and the target could not be fulfilled. The ITER
P1/P6 current density can be reached only up to 6.1 K, i.e.,
0.4 K below the required margin, as calculated with the
Bottura equation (1) using the fit parameter set derived
from measurements at B and T close to the operating
conditions (fig. 4.3):

. (1)

The R&D programme executed in the framework of the
task showed that despite trying several different
combinations, Jc at high operating temperatures (above
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6 K) could not be improved, compared to the strand types developed in previous programmes (e.g., for
the LHC). Clearly this is not the proper route to improve the NbTi characteristics, and perhaps some other
solution should be attempted, also taking into account that the ITER requirements seem to be out of reach
for such a material.

4.3 Superconducting Joints 

During 2006 ENEA developed and patented a new kind of junction for CICCs, characterised by an easy
manufacturing procedure, low room occupancy, low price and low electrical resistance. Some prototypes
of this joint concept were produced and successfully tested, showing R<1 nΩ and hence fulfilling the EFDA
dipole requests for which the junction had been studied.

In 2007 the joint design was optimised. The work focussed on the connection of the NbTi CICCs rather
than the Nb3Sn CICCs as the latter were the subject of the previously mentioned study that led to the joint
definition. Some prototypes with the same dimensions as the dipole conductor were tested to get direct
comparisons, as well as smaller prototypes. The connection of two cables made up of 144 NbTi strands
gave an electrical resistance of 0.8 nΩ, in agreement with the very good values already obtained for past
Nb3Sn samples and suggesting the possibility of adopting this joint concept in several fusion applications.
Indeed the joint has been proposed for the ITER central solenoid and poloidal field coils.

Another study performed proposes a different sample configuration for the test of full-size conductors in
the SULTAN facility. The two straight conductor lengths to be measured are usually connected by a bottom
joint. The vicinity of the joint to the high-field region might affect the results and in fact it has been pointed
out as the possible cause of the apparent degradation in superconducting performance. ENEA
demonstrated that it is possible to eliminate
this joint, showing that there is enough
room to bend an ITER full-size toroidal field
conductor, after removing the jacket,
external wrapping and central spiral
(fig. 4.4). This U-shaped conductor may
thus be inserted in a stainless steel box
where it could be fixed by appropriate
supports to avoid movements due to the
Lorentz force. Following this procedure it
would be possible to characterise the
conductor without the influence of the
bottom joint discontinuity.

4.4 JT-60SA

ENEA is involved in the design of the 18 toroidal field coils for JT-60SA, which is to be built within the
framework of the Broader Approach Agreement between Europe and Japan. During the first half of 2007
a design solution for the winding pack (WP) was proposed by ENEA, and analysed and studied in detail in
collaboration with the Commissariat à l’Energie Atomique (CEA). The design proposal was based on a
square winding pack, with five double pancakes, of nine turns each, and a conductor with internal
dimensions 25.1×25.1 mm2 and a stainless steel jacket thickness of 2.2 mm. The resulting cable consisted
of 720 NbTi strands of 0.8 1 mm diam.
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Fig. 4.4 - U-bent full-size ITER toroidal field conductor
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Following the extended campaign of industrial NbTi strand characterisation and optimisation (see above)
carried out in collaboration with Luvata, the candidate strand selected for the Italian contribution to the
JT–60SA TF magnet  has a ratio of 1.86 Cu:nonCu and Jc(6 K; 6.4 T)>200 A/mm2.

During the design phases, extensive analyses were performed  to validate and finalise the solution
adopted: the expected temperature margin, to be compared with the design value ΔTmargin>1 K, was

determined according to the computation of the
heat loads on the magnet. The contributions
included were nuclear heating on the winding pack
(WP) and stainless steel case, with the consequent
heat transfer to the conductor, and finally the heat
load due to ac losses during normal operation.

In order to proceed as fast as possible with the
design and qualification of the conductor, a sample
cable of 720 superconducting strands was
manufactured (fig. 4.5). In addition, ENEA
developed two electrical models for simulating the
behaviour in the case of a coil quench, when the
energy stored in the TF system is discharged by
dumping its current on appropriate bank resistors
(fast safety discharge).

In October 2007, due to budget reasons, it was
decided that a re-baseline of the overall JT-60SA

machine was
necessary. It was in fact
recognised that the
estimated cost for the
reference TF magnet
exceeded by about
50% what had originally
been calculated in
2005. Thus, all design
activities based on that
solution were stopped,
and a completely new
design for the TF
magnet aimed at a
sensible cost reduction
was pursued.

Given the newly defined
constraints, i.e., a much
smaller WP and the
peak field on the
conductor reduced to
5.65 T, ENEA
contributed to the
definition of a new
proposal for the WP
design solution, based

Fig. 4.5 - Cross-section of the 720-strand conductor

manufactured according to the first EU TF magnet

specifications for JT-60SA

Original
Design

EU Ref.
design

ENEA alternative
proposal

Number of turns 90 72 70

Number of double pancakes 5 6 (or 4 quadrip.) 5

Number of layers 9 6 7

Conductor int. 
dimensions (mm2)

25.1×25.1 18×22 15×27

Jacket thickness (mm) 2.2 2.0 2.2

Winding pack dimensions (mm2)

Including 8 mm ground insulation
299.5×335 160×357 165.8×355

Iop (kA) 25.3 25.7 26.4

Bpeak on conductor (T) 6.4 5.65 5.65

Magnetic energy (GJ) 1.4 1.06 0.995

Torus inductance (H) 4.06 3.25 2.86

Conductor unit length (m) 334
226

(454, with quadrip.)
265

Conductor length/TF coil (km) 1.67 1.36 1.32

τdelay (s) 2 2 2

τdischarge(s) 12 10 10

Table 4.II - Main features of the three options for the JT-60SA TF conductor design, as

described in the text



on a rectangular NbTi conductor with internal dimensions
15×27 mm2. With this solution it would be possible to
maintain the five double pancakes for the WP, rather than a
more expensive WP design. The main features of the new
conductor and WP layout are summarised in table 4.II and
compared with the previous reference design solution and
the option proposed by ENEA. 

4.5 Conductor Manufacture

A fundamental step in CICC manufacture is compaction of
the steel jacket, which shapes the round conduit in which the
cable is initially inserted into the final form and dimensions
requested. To obtain a more precise compacting process,
ENEA equipped its laboratory with a mill machine, ad-hoc
developed in collaboration with the Italian company DEM
(fig. 4.6). The machine is capable of compacting the steel
jacket from a round to rectangular shape in one step, with an
outer final size ranging from 10×10 mm to 60×60 mm, and tolerance lower than 0.1 mm. The speed of
compaction can be set from 1 to 14 m/min.

The first conductor manufactured, a sample for the JT-60SA TF magnet, demonstrated that ENEA could
carry out jacket compaction for the future short-sample test campaign. In 2008 it is foreseen to equip the
laboratory with a mill capable of performing the round-to-round compaction required for the ITER TF
conductors.

4.6 ENEA Frascati Test Facility 

A preliminary study has been carried out to develop a new high-field test facility - the ENEA Facility for
Superconducting Inserts (ENFASI) - for testing ITER and DEMO full-size conductors in a small-coil
configuration. The present design is a background magnet with a 90-cm i.d. and a maximum magnetic
field on the sample of 15 T. The peculiarity of this solution is that it is possible to wind the conductor to be
tested on a frame introduced in the coil bore. In this way quite a long length (about 30 m) of conductor can
be placed so that it lies in a ±7% homogeneous field, and each single turn (2.5 m) undergoes a practically
uniform field. 

The whole magnet will be made of Nb3Sn CICCs. To optimise the amount of superconductor and hence
reduce the cost, the magnet will consist of three concentric coils formed by conductors with slightly
different dimensions, each one having an optimised number of superconducting and copper strands.

The main characteristics of the background magnet are:

• Maximum field Bmax=15 T • Operating pressure Pin/Pout=6/4 bar

• Internal free bore Dint=90 cm • Total magnetic energy Em=140 MJ

• Operating current Iop=20 kA • Maximum voltage during discharge Vmax=2 kV

• Inlet helium temperature Tin=4.5 K

4. Superconductivity
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Fig. 4.6 - Mill machine installed at the ENEA

laboratories
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4.7 Characterisation of Superconducting Materials

A facility for characterising superconducting strands at variable temperatures has been
recently upgraded at ENEA. Measurement of transport properties of superconducting
strands can now be carried out in the temperature range 3.5 K to 15 K, with stability
less than 10 mK, and in magnetic fields up to 12.5 T, covering a range of critical
currents between a few Amperes, up to about 300 A. The sample holder is sketched
in figure 4.7.

During 2007 an extended measurement campaign was performed on different NbTi
wires in order to create a database to be used in the design of superconducting magnets for fusion and
other applications. The NbTi strands had different diameters and Cu-nonCu ratios ranging between about
1.5 to about 7. The measurements showed the critical behaviour of NbTi in the range of relatively high
temperatures (T>5.5 K) and high magnetic fields (B>6 T), typical for large coils in fusion reactors, where
CICCs are used and temperature margins of at least 1 K are required for a sound design.

For each NbTi strand the expression (IcB1–α)1/β vs B, including the self-field contribution (Kramer plots),
was evaluated. Kramer plots and the fit results at different temperatures are reported in figure 4.8 for
sample Luv-JT60-C2, selected as candidate strand for the JT-60SA TF conductor project. A scanning

electron microscope (SEM) image of the internal
layout of the sample is shown in the inset.

As a unique set of parameters does not fit Ic(B,T)
over a broad field range with the same level of
accuracy, it can be concluded that, for the
determination of the fitting parameter set to be
used in conductor design, measurements at B
and T close to the operating conditions are more
appropriate.

Besides electrical characterisation, the magnetic
properties of NbTi strands were measured by
means of the ENEA vibrating sample
magnetometer (VSM) system. It was possible to
determine Tc from the temperature dependence
of the magnetic moment, the irreversibility field
Birr and the upper critical field Bc2, by means of
hysteresis loops. The critical current density
Jc(B,T) could be determined from the hysteresis
loops by

(2)

and cross-checked with electrical measurement
results. In the formula, deff is the effective filament
diameter, which is linked to the hysteresis losses
and to the strand stability.

The VSM was also used to determine the time
constant nτ, for the decay of the coupling
currents in ac regimes. Closed loops were

Jc B( ) = 30
4

π ΔM
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Vsample
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Fig. 4.7 - Sample holder of variable temperature insert for dc

characterisation of strands at variable background field and
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measured with different applied field rates and then,
from the plot slope of the loop area (the losses) as a
function of dB/dt, it was possible to get nτ. However,
it should be noted that even if there is evidence of
increasing losses with ramp rate, the frequency range
investigated is still low, and for this reason the system
is now being upgraded with a new current generator
that can power the VSM magnet up to 3 T/min.

ENEA is carrying out research
activities on the super -
conducting properties of Nb3Sn
strands subject to mechanical

loads. To clarify some aspects of the current transfer
process within the wire cross-section, an intense
experimental campaign was carried out to study the
effect of a pure bending strain on the transport
properties of multi-filamentary internal-tin strands
with twisted or untwisted superconducting filaments.
The tools used to heat-treat and measure the
samples are shown in figure 4.9. Critical current
measurements were  performed on  internal–tin
strands, which were inserted and compacted inside
thin stainless steel tubes before heat treatment. With
the application of a maximum bending strain of
0.5%, the strands with twisted filaments present a
degradation in critical current and in the n-index,
while the performance of the untwisted strands
shows improvement (fig. 4.10). Comparison between
the experimental data and the predictions from Ekin’s
model indicates that an upgraded model for the
critical current as a function of the strain in its 3D
form has to be developed for a complete description
of the system under analysis. The VSM was also
used to experimentally characterise the same
strands: in fact important information on the effect of
strain on Nb3Sn properties can be obtained from the
measurement of the superconducting transition
temperature Tc and upper critical field Bc2.

At the end of 2007, ENEA set up a
collaboration with EDISON for the
optimisation of MgB2 performance. The
activities started with the characterisation of a

bulk sample of MgB2. The magnetic properties of
polycrystalline MgB2 were fully characterised by
means of the VSM in order to determine its
parameters, i.e., the irreversibility field Hirr(T) and the
critical current density Jc(B,T). Figure 4.11 shows
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Fig. 4.10 - Critical current values measured at 4.2 K
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samples (IC0 curve) and for the samples subjected to

either 0.25% or 0.5% peak bending strain
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Fig. 4.11 - Magnetic moment vs temperature in FC (red

line) and ZFC (blue line). Insert: first and second

derivatives calculated to determine Tc and its error
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temperature dependences of the zero-field-cooled (ZFC) and field-cooled (FC) magnetic moment for a first
sample of MgB2, which exhibits the onset of the superconducting state at Tc=38.5±0.5 K. The transition
is sharp and the shielded field (full Meissner effect) is almost identical to the  trapped field, indicating a
strong pinning force efficiency, low porosity of the polycrystalline sample and uniformity in superconducting
properties. Magnetisation cycles (fig. 4.12), M(B) were measured in applied fields up to 12 T and from 4.2 K
to above Tc. Flux–jumps were not detected at any temperatures. Assuming a simple critical state model
(Bean model), it is possible to determine Jc(B,T) from the magnetisation cycles. The irreversibility field was,
in turn, determined either as the hysteretic loop closure point or from extrapolations of Kramer plots
(Jc

0.5B0.25vs B).The extrapolated intercept Bk(T) always remains lower than Birr extracted from the loop
closure points (fig. 4.13).

4.8 High-Temperature Superconducting Materials 

Ni-Cu-based alloys have recently been studied as an alternative substrate to the
commonly used alloy for YBCO CC. To enhance the microstructure of Ni-Cu alloy, a small
amount of cobalt was added. Figure 4.14, reports a comparison between the
microstructures of Ni-Cu and Ni-Cu-Co re-crystallised tapes. A cube fraction as high as
95% was obtained for Ni-Cu-Co substrate, making it suitable for YBCO CC applications.
The tensile properties of Ni-Cu-Co were evaluated by means of stress-strain
measurements and compared to those of  NiW (fig. 4.15). The yield strength measured

at 0.2 % strain is 120 MPa, i.e., slightly higher than that exhibited by constantan alloy. Although far from
the tensile properties exhibited by Ni-Cu-Co, the increased strength of Ni-Cu-Co alloy compared to pure
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Ni tapes is nevertheless relevant and indicates that this
ternary alloy substrate could be successfully employed in
a reel-to-reel deposition system. The hysteresis loops
M(H) at 77 K for Ni-Cu, Ni Cu Co and re-crystallised
substrates are plotted in figure 4.16a. The hysteresis
losses of Ni-Cu-Co are  intermediate between  those of
Ni-Cu and  Ni-W. A detail in  the low-field region  reveals
that the loop exhibited by Ni-Cu-Co is less askew than
that of Ni-Cu (fig. 4.16b). In fact, while the magnetic
domains are poorly correlated in Ni-Cu and below the
coercion field some domains begin rotating, the
presence of Co atoms contributes to the coupling of the
magnetic domains. YBCO film was deposited on
Ni–Cu–Co substrates by using the standard
CeO2/YSZ/CeO2 buffer layer architecture with the interposition of an additional Pd layer. The YBCO film
exhibits a Tc of 87.6 K, a Jc value at 77 K and a self-field of about 0.3 MA/cm2.

Chemical solution deposition methods are regarded as promising low cost and
industrially scalable approaches for YBCO CC preparation. To date, the MOD
technique with TFA precursors has been the most common method used to
obtain high Jc YBCO films. To reduce the hydrofluoric acid formation that limits
the YBCO film thickness and imposes too long a  pyrolysis time, a modified

TFA–MOD method is being studied that uses only barium TFA and an alcoholic solution of Cu and Y
acetates dispersed in propionic acid. After the solution deposition, the precursor film undergoes a two-step
heat treatment consisting of a low-temperature pyrolysis process for the metal-organic decomposition and
then a high-temperature crystallisation process for the formation and growth of the YBCO film. Compared
to the conventional TFA method, the introduction of metal propionates shortens the pyrolysis time by a
factor of four. The epitaxial YBCO films obtained  on both monocrystalline STO substrate and metallic tape
buffered with Pd/CeO2/YSZ/CeO2 multilayer have a sharp out-of-plane orientation with (005)YBCO peak
Δω values  of 0.2° and 1.9°, respectively. Cross-section analysis of fractured samples  deposited on  tape
(fig. 4.17) show that the interfaces between each layer are clean and defined. The YBCO film thickness is
about 0.6 μm, i.e., up to three times thicker than that obtained with the conventional TFA method. The
surface morphology observed by SEM analyses (fig. 4.18) is characterised by the presence of particulates,
probably related to CuO compound formation, and superficial holes which, however, do not undermine the
compactness of the YBCO film. These films show high Tc (R=0) values up to 91 K and large critical current
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densities Jc greater than 1 MA/cm2 at 77 K and self-field. Magnetic measurements performed for YBCO
film on STO substrate with the magnetic field direction parallel to the c-axis are reported in figure 4.19. At
a temperature of 25 K the loop is still not closed, demonstrating that the irreversibility field Hirr is well above
12 T. From these measurements, assuming a simple critical state model (Bean model), it is possible to
extract the Jc values of 2 MA/cm2 at 77 K and 14 MA/cm2 at 10 K and self-field (fig. 4.20). These results
are in good agreement with the dc transport measurements obtained for the YBCO films deposited on
Ni–W substrate, where values of Jc greater than 1 MA/cm2 at 77 K and self-field were achieved. These
activities are funded by the EFDA Underling Technology Programme.

The introduction of second-phase nanoparticles in a superconducting YBCO
film can result in an improvement in the in-field performance of the
superconductor by acting on the film pinning properties. Therefore, research
on BaZrO3 (BZO) nanoparticle inclusion in pulsed-laser-deposited
superconducting YBCO films was carried out on different templates, such as
SrTiO3 (STO) single-crystal substrate and CeO2-buffered Al2O3 (ALO)

substrate. Despite a slight Tc reduction, BZO addition in YBCO-STO films resulted in an improvement in
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Fig. 4.18 - Surface morphology of metal propionate
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the in-field performance, with the appearance in the low-field region
of a Jc plateau which extends up to about 2.5 T irrespective of the
temperature, at least in the investigated range (down to 65 K)
(fig. 4.21a). On the other hand, samples deposited on ALO did not
exhibit any remarkable difference, either in the Jc value or in the
magnetic field dependence compared with pure YBCO. Analysis of
the pinning force densities Fp as a function of the normalised field,
b=B/B* (B* is the magnetic field where the pinning force density is
lower than 1% of its maximum), as shown in figure 4.21b, confirms
that the effect of introducing BZO differs according to the substrate.
In samples grown on ALO, the lower Tc value determined by BZO
addition results in a decrease in Fpmax and B* absolute values at
77 K, while the shape of the Fp(b) curve does not change. On the
contrary, samples on STO with BZO inclusions exhibit a remarkable
increase in the maximum pinning force density (9.9 GN/m3

compared to 1.7 GN/m3 exhibited by pure YBCO) and a shift of the
Fpmax towards higher normalised fields. These characteristics,
coupled with the shift of the irreversibility field towards higher
magnetic fields, suggest a better pinning-site lattice efficiency.
Considering  that the Jc(B) dependence improves in the whole
magnetic field range inspected, it can be supposed that BZO inclusions introduce strong pinning sources
inside YBCO films on STO substrate. As suggested by the analysis of the angular properties shown in
figure 4.22, these sources exhibit a c–axis–correlated character. Apart from the intrinsic peak due to the
layered structure of YBCO which is always  detectable, the appearance of a broad peak centred at 0°
(magnetic  field direction parallel to the c-axis) in BZO films on STO  indicates the presence of extended
defects along the c-axis direction. The correlated defects can be identified with dislocations arising at
BZO–YBCO interfaces as a consequence of the lattice mismatch. Actually, a small 0° contribution can be
measured also for ALO films, even though it cannot be ascribed to BZO introduction as pure YBCO on
ALO shows the same angular behaviour. 

The introduction of BZO on YBCO films also results in a different film morphology, which depends on the
investigated substrate as can be revealed from atomic force microscope (AFM) investigations (figure 4.23).
The features of YBCO films on STO substrates can be explained in terms of a mixed 2D-3D growth
mechanism. According  to  the Stranski-Krastanov  model, once  the critical  thickness for a pure 2D
growth is reached, the stress is released, promoting an island growth mechanism. As can be seen in
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figure 4.23a, the film morphology shows a flat uniform background with isolated terraced structures that
can be related to the spiral growth mechanism around screw dislocations. On the contrary, the YBCO on
ALO template is characterised by a more compact granular aspect (fig. 4.23c). The increased grain density
for YBCO on ALO leads to the extension of the regions where structural defects arise during grain
coalescence. In this way the stress is released at the grain boundaries, preventing the nucleation of
dislocations with the related spiral growth mechanisms observed on STO. While BZO-added films on ALO
(fig. 4.23d) are very similar to pure YBCO films, the morphology of YBCO-BZO films deposited on STO
substrate presents remarkable changes (fig. 4.23b), as the film surface is more compact and has a scaly
character. The presence of c-axis-correlated defects together with the improved structural quality of
BZO–added YBCO films grown on STO can be related to the observed change in the surface morphology,
assuming that an effective stress release mechanism is provided by edge dislocations at the YBCO/BZO
interfaces, which allows the growth of an unstrained YBCO film which inhibits the spiral growth
mechanism.

The magnetic properties of YBCO-BZO thin films on STO substrate were characterised by means of a
VSM. Magnetisation cycles M(B) were measured in applied fields up to 12 T and from 4.2 K to above Tc
with the magnetic field direction parallel to the c-axis. Figure 4.24 reports the critical current density Jc(B,T)
extracted from magnetisation cycles assuming the Bean model, at different temperatures and as a function
of the applied magnetic field for YBCO-BZO and pure YBCO thin films. The effect of the introduction of
such an artificial defect is the enhancement of Jc(B,T), indicative of an improvement in the pinning
efficiency. For example, it was found that Jc roughly increases three times at 3 T and 77 K. To get further
insight into the pinning mechanism, the time dependence of the decay rate of magnetisation S(T), which
is related to the pinning potential, was measured. Preliminary results show that the behaviour of S(T) as a
function of temperatures seems to be independent of the applied external field, at least up to 1 T. More
interestingly, in the investigated magnetic field range, S(T) is not affected by the BZO addition. Further
analyses will be carried out at different BZO concentrations and applied magnetic field in order to fully
investigate the pinning potential and hence the underlying mechanism.

The measurement of the microwave response in the vortex state is a particularly stringent test of the
pinning properties, as small vortex oscillations are involved and one tests both the presence of pinning

0 1 10

Height (μm)
0 1 10

0 1 10 0 1 10

Height (μm)

Fig. 4.23 – a) AFM images collected on pure YBCO films and b) BZO-added YBCO films  on a) STO a) and b) ALO

substrates



centres and the steepness of the potential well. A very large
reduction in the field induced  surface  resistance at
47.7 GHz in YBCO films as  a consequence of the inclusion
of submicron-sized BZO particles was observed. The
increase in the surface resistance by the application of a dc
magnetic field is smaller by a factor of three in the film with
BZO inclusions, very close to the transition temperature.
Clearly, the introduction of BZO particles enhances pinning
at high frequency. It is a nontrivial finding that BZO inclusions
originate pins that are effective at frequencies so high that
the shaking of vortices around their equilibrium position is
the dominating mechanism.

The use of a Pd over-layer between
the Ni-based tape and the oxide
buffer layer structure promotes the
development of YBCO–coated
conductors with high Tc and Jc
values. The Pd film presents a
smoother surface and a sharper

texture than the bare substrate and increases the adhesion
of the substrate/buffer layer interface. In order to investigate
the origins of these beneficial effects, preliminary studies
were performed on Pd film grown on Ni-W substrates, and
YSZ/CeO2 b–layers deposited on both the Pd-buffered and
the bare substrate using extended x-ray absorption fine
structure (EXAFS) techniques. EXAFS analyses were carried
out around the K edge of Ni. Oscillations in the absorption
spectra above the K edge can give structural information on
inter-atomic distance and coordination number. The
resulting data were processed and compared with
theoretical simulations  with the use of a dedicated fitting
programme. Figure 4.25 reports the analyses for the fast
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Fourier transform (FFT) of the EXAFS spectra for the
bare Ni-W substrates and for the Ni-W/Pd/CeO2/YSZ
annealed at 600°C for 30 min in O2. The data from
simulations are in good agreement within a significant
region of the spectra, showing the presence in the
annealed samples of Ni-Pd interdiffusion, which gives
rise  to an ordered fcc Ni-like crystalline structure in
the region of the Pd/buffer layer interface. Analyses of
the spectra of the as-deposited buffer layer structure
showed the absence of  interdiffusion between Ni
and Pd.

The  nanoindentation test was used to carry out
preliminary studies on the mechanical properties of
the CeO2 buffer layer film deposited on Ni-W tape
with and without the Pd over-layer. In the ultra-low-

load configuration, differences between the load-displacement curves for the two samples (fig. 4.26) show
that the introduction of a Pd layer between CeO2 and Ni-W substrate improves the buffer layer elasticity,
as the hardness reduces from 2.8 GPa to 1.6 GPa and the Young modulus improves from 180 GPa
to 200 GPa.

The use of high-temperature superconductor materials for extensive industrial
applications requires comprehensive knowledge of their behaviour in every
possible condition of operation. In particular, one of the main topics to explore is
the tape stability, in terms of minimum quench energy and propagation velocity,
against heat and current disturbances. In fact, the normal zone propagation
velocity in this type of superconductor is two to three orders of magnitude slower
than in low-Tc superconductors operating at 4.2 K. Therefore, one of the primary

challenges for protecting high-temperature superconducting magnets is quench detection. To develop
effective quench detection and protection schemes, a thorough understanding of the minimum quench
energy (MQE) and the normal zone propagation velocity is essential. Hence, an experimental activity
devoted to studying quench initiation has been set up and, at the same time, a numerical code to simulate
and predict the thermo-electric response of YBCO tapes is being developed. The goal of this
numerical/experimental activity is twofold: on one hand the characterisation of a new generation of
commercially available YBCO tape stabilised by means of a copper coating chemically deposited around
the layered structure of YBCO; on the other, the validation of the numerical code, which will permit its use
in optimising their components.

Quench experiments were carried out on the YBCO AMSC 344 tape (a multi-layered structure composed
mainly of a Ni-based metallic substrate, the YBCO film and protective Ag and Cu layers) provided by the
American Superconductor Corporation. The experiment setup is reported in figure 4.27. The quench is
induced by a local heat pulse generated on the tape surface. When the heat is generated from either the
YBCO or the substrate side a difference in the MQE is observed, being higher in the case of quench
induced by the substrate side, whereas the normal zone propagation velocity (NZPV) is not affected by the
heat-source configurations (fig. 4.28). This variation in MQE could be related to the asymmetric architecture
of the conductor, which in turn leads to an intrinsic difference in the thermal properties of the two faces of
the tape, whereas propagation of the normal zone is only driven by the current flowing in the tape, Ibias. 

On the numerical side, two different simulation programmes have been developed, both based on a finite
difference discretization of the Fourier heat equation and implementing a standard model for the
superconducting transition. One is simply 1D by means of a homogenization process performed on each
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section; whereas the other is 2D, thus providing
information on the voltage/temperature evolution
within each section of the tape, without any
homogenization. It is worth noting that the
material properties of the tape implemented in the
model are based on experimental measurement
of each single component and are highly nonlinear
compared to their temperature dependence. The
iterative algorithm is explicit and therefore proper
constraints on the maximum time step applicable
at each step of integration have been inserted to
avoid numerical instabilities. Figure 4.29 reports
the voltage distribution measured in the simulated
run and compared with the respective
experimental measurements. These activities are
funded by the EFDA Technology Work
Programme HTSPER task (TW5-TMSC-HTSPER).
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