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Short Racetrack Windings
for the Mechanical Characterization
of Ceramic-Insulated Cables
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than the superconductor and supposes no impregnation.
Abstract— Electrical insulation is a key element in high field Previous studies have shown that the intrinsic properties of
magnets design. The use of NBn, winded before reaction and the wire (critical current, residual resistivity ratio) are not
then thermally treated to obtain the superconducting zffected by the process [1]-[3]. Furthermore, smallStb

intermetallic compound, supposes to adapt the insulation process. —— . . .
CEA/IRFU (FR) is investigating the possibility of using a ceramic strand solenoids insulated with this process have been built

electrical insulation that follows the same thermal cycle than the and tested successfully in high external magnetic fields up to
superconductor. This ceramic insulation would make it possible 12 T. Stresses around 65 MPa in compression and 30 MPa in
to get rid of the impregnation process. tension have been reached inside the coil. This ceramic
The mechanical characterization of the ceramic-insulated insulation has not shown any failure, either electrical or
cables is mandatory for the magnet designers. The increase of themechanical. The quench current performances have shown no
Lorentz forces supposes fo raise subsequently the gigh of degradation after several quenches [3], [4].
characterlzatlpn pressures, within the I|m|t§ of the avallable_ Followi th . Its. th t st is t
press. An option to reach higher pressures with the same press is oflowing these encouraging re§u S, the next step IS 1o
to reduce the sample surface by reducing its length. But reach the stress levels expected in accelerator magnets on
approaching the twist pitch value, this can cause parasite effects insulated cables (at least 150 MPa). This work has been started
such as sample untwisting, insulation cracks and boundary effect through mechanical compression tests at room temperature
influence raise. Those effects appear to be particularly damaging and at 4.2 K. The tests have been performed on ten or eight-
in the case of ceramic insulation which is brittle. stack samples and have highlighted experimental problems.

To address these problems, the use of short racetrack windings Some preliminary mechanical results have been reported in
is proposed for characterization. The behavior of dummy copper

cable with this ceramic insulation is studied till up to 150 MPa (5]
with such samples, at room temperature, in the stack direction.
Il. SAMPLE DESIGN
Index Terms— Ceramics, compression tests, electrical
insulation, mechanical characterization, short racetrack  A. Preliminary Observations

windings. Several weak points of the stacks have been observed. First,
the bare cable plasticity causes large sample deformation
when there is no impregnation. Because of the short length of
the stacks, there is an additional risk of cable untwisting.
F Nb;Sn is today considered as the best low-temperatutféose effects are particularly damaging with the,$tband
superconductor for high field magnets above 10 Tesla (Tthe ceramic insulation, which are brittle and very sensitive to
its implementation remains delicate. After heat treatment, tHiscal strains. For these reasons, it is not desirable to reduce the
material becomes brittle and strain-sensitive. As gample lengthL too much.L should be significantly longer
consequence, most of the §8im coils are produced following than a cable twist pitch (we considet. > 1.5p).
the “wind & react” sequence: the conductor is wound before On the other hand, for a fixed force, the pressure limit
being heat-treated at high temperature. This technigggrives from the sample surfakgwhich is proportional ta.
excludes the use of electrical insulators containing orgariR€Signing new samples with a smaller surface would make the
materials. After heat treatment, the coil is usually transferr@yailable pressure higher, for a given press.
into a mould to be vacuum-impregnated with epoxy resin. TheB, Sample Geometry
transfer anql the vacuum impregnation are time-taking andFoIIowing these remarks, a new sample design is proposed
risky operations. To avoid these problems, we have developgd the compression tests. It consists in a short monolayer

reacted cable [1], [2]. It can follow the same thermal cyclgype coated with our un-reacted ceramic precursor. The
insulated cable is wound around a stainless steel pole as for

|I. INTRODUCTION
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Fig. 1 represents the sample shape and introduces press with pressures around 30 MPa. The pre-stress improves
geometrical parameters. The sample has only two free entte sample cohesion after reaction. Its value has been
reducing the untwisting. In this context, we believe we cagxperimentally adjusted during precedent campaigns. The
reduce the straight section lendgtly which is arbitrarily fixed sample follows a one-step thermal cycle: 60 °C/h up to
to p. The cable lead end is clamped to the pole inside 650 °C, then 50 h at 650 °C, under argon flow. This sequence
tailored groove equipped with a screw. The other end is frae.optimized for the NED cable [6], and is considered as an
The pole half-widthr has been fixed to 15 mm after bendingnput in this study, even if dummy copper cable is used.

tests. We wanted to be as small as possible to have a Pole
compact sample. The sample is maintained between two
clamps by threaded rods. Doing this, we make sure that the
cable winding tension and the compressive pre-stress are
retained during all the manufacturing and handling phases.
During the compression test, the central pole is left in position.
In the direction of compression, this configuration is
comparable to the stacking of a ten-stack and a thick steel
shim. But contrary to a stack, the racetrack sample is
constrained longitudinally.
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Fig. 2. Schematic view of the racetrack sample winding tooling.
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T Fig. 3. Schematic view of the racetrack sample pre-stress and reaction mould.

= - IIl. COMPRESSIVETESTS
Fig. 1. Schematic sketch of the racetrack sample geometry. .
A. Experimental Scheme
The following study is led with dummy copper cable based The idea of this first test campaign is to compare the results
of the NED properties specified in [6]. Further studies shoulsbtained with ten-stacks and racetrack samples. The samples
be led with the real NSn cable later. Dimensional constraintsvidths are imposed by the cable parameters. Three geometries
are imposed by the cable, the reaction furnace and the presse. considered, using the same dummy copper cable, with or

The sample parameters are listed in Table I. without ceramic insulation:
» Short ten-stacks (S) with< p;
TABLE |. SHORT RACETRACK SAMPLE PROPERTIES  Long ten-stacks (L) witlh. > p;
» short Racetracks (R).
Parameter Symbol  Unit  Value Table Il gives the sample features at the beginning of the test.
Number of strands Nstr / 14
Strand diameter D mm 1.25 TABLE Il. SAMPLES DESCRIPTION
Twist pitch p mm 60 Name Type Insulation Lineo  Wineo 2y Pre-stress to

(mm) (mm) (mm?) (MPa) (mm)

Cable width Wi - mmo 9.7 Sl S  ceramic 50  10.6 531 205 244
Cable thickness at 20 MPa tepi mm 2.20 LN1 L none 100 9.7 970 485 21.4
Insulation thickness per face (x0.04 mm)  tis mm 0.46 Li1 L ceramic 100 10.6 1062 205 24.6
Number of turns \" / 5 LI2 L ceramic 100 10.6 1062 295 247
Pole half-width r mm 15 RN1 R none 60 9.7 582 337 51.6
Straight section length Le mm 60 RI1 R ceramic 60 10.6 637 30.8 54.7

RI2 R ceramic 60 10.6 637 30.8 55.4

o Lineo andWineo are the theoretical length and width. For racetrack samples,
C. Sample Realization Lineo = Lss The theoretical initial contact surfaZgis equal td_ne, multiplied

As for most of the real NS magnets, the fabricaton o ¥ Tie P sees vltes efre e st r cepmate on he base
process follows a “wind and react” sequence. The winding is
performed with the specific tooling represented in Fig. 2. AtB. Procedure
the end of the operation, the racetrack is clamped and theThe samples are inserted inside a compression mould. For
cable end is cut. The sample is placed in the heat treatmgnd ten-stacks, the absence of a pole is compensated by a

mould represented in Fig. 3 before being pre-stressed unde0amme-thick steel shim. The tests are carried out with a screw-
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driven machine, which allows a compressive load up to This is a very much simplified mathematical model that
300 kN. All tests are performed at room temperature. Tishould be taken with caution. For reasonable pressures (under
direction of the compression is perpendicular to the stacking0 MPa), it gives correct orders of magnitude and it makes
The deformations are measured by two symmetricabmparisons possible between the samples. From 50 MPa on,
extensometers. Fig. we observe large deformations of the samples implying
s Poisson effect. In these cases, we cannot use the rule of
mixture anymore.

g . 0 -. I
Press plate : , V. RESULTS ANDDISCUSSION
i Ll o _ y A. Bare Cable Characterization
Compression y

—_— T, mould . Fig. 5 shows the compression curved Nfl. andRN1 Both
I [ . . samples show a strong plastic behavior during the first
' I San
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deformation of the copper cable braid. Visually, an important
rearrangement of the cables is observed. Below 15 MPa, the
behavior of both samples is similar. For higher pressikidg,

is much less deformed: around 3.5 % at 75 MPa versus 10 %
for LN1 at the same pressure. This confirms that the racetrack
ometry improves the sample rigidity. Around 40 MPa, the
mpression curve of the ten-stddk1 shows a plateau which

the mark of a poor cohesion, due to the untwisting effect.

For both samples, after a first ramp to a given pressure, the
Pavior becomes quasi elastic. This can be considered as a
#iBchanical training of the copper braid.

; " T " compression ramps. This effect is interpreted as the plastic
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Fig. 4. Experimental setup during the test of the saiiple -

The samples are submitted to a series of two cycles
uniaxial compression from a minimal force (corresponding tQ
~5 MPa) to the target force (corresponding successively to
~10, 20, 50, 75, 100, and 150 MPa). The compression speeg'
0.2 mm/min. The equivalent pressures are estimated for e
sample on the base of the initial contact surfage To
evaluate the stress repartition on this surface, FUJI™ Presc 140 -
film is used. This pressure-measuring film is calibrated t .

: . . 120 RN
change color gradually from white to red in a given stres |—RNI
range. Two layers of different sensitivity are superimpose 100 kil
one calibrated for 10 to 50 MPa, the other for 130 to 300 MP - ¢, |
The former will define the effective contact surface at the er =
of the test; the latter will help identify the peak stress zones. 5 ¢ |

A preliminary test is performed on the steel pole in th= 49 |
compression mould. The aim is to evaluate the stiffness of t
support structure (pole + mould + press) without conductc
The equivalent compressive modulbsis estimated around 0
85 GPa. This corrective factor includes the steel stiffness 0
well as the compressibility of the press itself.
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Deformation é/1, (%)
C. Post-Treatment Fig. 5. Compression curvesldof1 (till 75 MPa) andRN1(till 150 MPa).

The test outputs are the press fof€eand the lateral B. Effect of the Insulation
extensions), anddr versus time. Next calculations are based Fig. 6 shows the compression curves of six samples,

on the average extensiér (O, +dg) /2. _ insulated or not. Their behavior is plastic during the first
The characteristic curve(F) is linearized section by compression ramp and elastic during the following cycles for a
section. The equivalent compressive .mOdUE‘&. of the given pressure. The effect of the cable training is dominant.
assembly (sample + support) is given in linear regime by (1):The deformations oLl1, LI2 and SI1 are similar, with a
E, = K”n.Lo, K, :(dF] (1) plateau for pressures around 25 MPa. _The teStbfias been
2 dd ), stopped at 28 MPa because the untwisting was too important
with: t, the initial assembly thicknes&;, the slope of the and the sample was ruined. Once again, it appears that the
linear section of thé(F) curve,X = X, along the test. stack samples are not appropriate to reach large pressures with
To extract fromE,, the contribution of the insulated cablethe cable we have. HowevdRN1 and RI1 show no plateau.
alone, we use the unidirectional rule of mixture for twdhis demonstrates that the racetrack geometry improves the
components. In linear regime, the equivalent compressiugechanical cohesion of the cables, either they are bare or

modulus of the insulated caliig is given by (2): insulated. The insulated samples are proportionally more
E = Ve (2) deformed: at 75 MP&I1 shows a deformation of 6 % (3.5 %
© 1 1-v, for RN1). This is due to the fact that the initial thickness of the
a_ E, insulated samples is larger.

with: v, the proportion of insulated cablety Es = 85 GPa.
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contact surface sees pressures higher than 10 MPa. But about
100 30 % of the surface reaches 130 MPa, which is more than
- twice the mean pressure. As expected, this ceramic insulation
does not replace an epoxy impregnation. The lack of
mechanical support in the composite cable generates large
local stresses. Next step is to improve the way the space
between strands is filled with the insulation.

F/S, (MPa)
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o Fig. 9. Pressure-sensitive film &i2 after compression till 60 MPa. The fim
Deformation é/1, (%) sensitivity ranges are: 10 to 50 MPa (top), and 130 to 300 MPa (bottom).

Fig. 6. Compression curves$f1, LN1, LI1, LI2, RN1, and RI1
V. CONCLUSION

The equivalent compressive mod@; are computed in  This study demonstrates the interest and the feasibility of
each elastic portion for the insulated samples, using the abojgs short racetrack samples for the mechanical characterization
mentioned formulas. Fig. 7 gathers the results in a single pigf, ceramic-insulted cables. The mechanical results obtained in
as a function of the test pressure, up to 50 MPa. The results &&ic regime are consistent with the results obtained with

consistent between all types of samples. The moduli appeagigyitional cable stacks for pressures. For reasonable pressures
be strongly pressure-dependant. This effect can be explai EB to ~75 MPa), the cohesion of the sample is improved and

by the strands reorganization, affecting the sample rigidity. fte yntwisting effect is reduced. For very high pressures, the
is illustrated on Fig. 8 witlI1, around 30 MPa. sample looses cohesion and the insulation is ruined. The use of
20 pressure-sensitive film shows that the stresses are concentrated
in some areas.
15 4 'IL{E The ceramic-insulated cable has supported compression
.lD tests up to 50 MPa with short racetrack samples, without
visible degradation. The compressive modulus of the insulated
cable is strongly dependant of the training pressure. The
ceramic insulation is not able to sustain higher pressures in its
5 4 present form. The next step is to improve the stress repartition
inside the sample. This will be done by adapting the ceramic
formulation and the deposition process in order to fill better
the space, or by exploring the possibility of an impregnation

¢RIl

Equivalent modulus £, (GPa)
-

0 t t t t +

0 10 20 30 40 30 material that would follow the heat treatment of the conductor.
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